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ABSTRACT
Rayon/nylon sheath/core composite fibers with enhanced 
adhesion were produced using a wire coating type process. 
One objective of this research was to determine an effective 
coupling agent and the most appropriate application conditions 
for maximum interfacial adhesion in the rayon/nylon 
bicomponent fibers. The second objective was to characterize 
the interfacial adhesion between the core fiber and the rayon 
skin.
It was found that fumaric acid (FA) was an effective 
adhesion promotor for rayon/nylon composite fibers since it 
has difunctionality and steric hinderance necessary to form 
covalent bonds to both layers. After removal of the spin 
finish by water washing the nylon core fibers were pretreated 
with fumaric acid (FA) as an adhesion promoter and then were 
coated with viscose rayon. The results indicated that the 
interfacial adhesion in the rayon/nylon composite fibers was 
significantly improved under the application conditions of 
1.0% with 36 second pretreatment time, 1.5% with 18 second 
pretreatment, and 2% with 9 second pretreatment time. After 
curing, the FA formed amide bonds to the nylon and ester bonds 
to the rayon.
A fiber pull adhesion test method was developed to test 
the interfacial adhesion. This method effectively determined
xii
the adhesion between the core and the skin. Coating weight 
loss and interfacial shear stress were determined from the 
fiber pull adhesion test. A scanning electron microscope 
(SEM) was used to observe the cross sectional and longitudinal 
surfaces of these composite fibers before and after the 
adhesion test to confirm the fiber pull adhesion test results.
The fiber linear density and moisture regain were 
determined. Bending properties of the fabrics made from 
coated and uncoated fibers were also determined and compared 
to similar properties of the fibers.
xiii
CHAPTER 1 
INTRODUCTION
Fibers are the fundamental units used in the manufacture 
of textile yarns and fabrics. All fibers have good, fair, and 
poor properties. Natural fibers are valued for their comfort 
during wear, but they wrinkle easily and are less durable. 
Synthetic fibers are valued for their high wrinkle resistance 
and durability, but they are uncomfortable when worn.
A combination of desired properties can be obtained by 
using different compositions in a single fabric, yarn, or 
fiber. A mixture is a fabric having warp yarns of one fiber 
and filling yarns of another fiber. A combination yarn has 
two unlike fiber strands twisted together as a ply. A blend 
is a close mixture of different composition fibers. Blends 
exhibit an averaging of properties based on the blend ratios 
of the constituent fibers. These combination technigues 
mentioned above provide some of the advantages of both fibers, 
while also displaying some of the disadvantages.
Another approach to achieving desired properties is now 
being developed to combine characteristics of different 
fibers, that is, to produce sheath/core composite fibers. 
Sheath/core composite fibers have considerable potential since 
mechanical properties can be decoupled from surface properties 
in contrast to the normal averaging of properties obtained 
from blends.
In previous work an experimental sheath/core composite 
fiber with a synthetic core and a rayon skin was produced by 
a coating process in which the core fiber is passed through 
a fiber coating die where it is contacted by a solution of 
high wet modulus viscose rayon flowing from a pressurized 
reservoir. The rayon coating is coagulated in a spinning bath 
containing 9 weight percent sulfuric acid and 13 weight 
percent sodium sulfate (1-4). The mechanical properties of 
this fiber are dominated by the synthetic core, while the 
surface properties are dominated by the rayon skin (2).
A critical aspect of this internally reinforced rayon 
composite fiber is the adhesion between the core fiber and 
the rayon skin. Previous research indicated that removal of 
the spin finish by water washing and coupling agent 
pretreatment improved the interfacial adhesion, but certain 
amounts of coating were still lost under considerable 
handling, and the coating was not strong enough to survive 
the knitting machine when converted to fabric (5) . The 
research also found that the type of coupling agent and 
application conditions, such as concentration and pretreatment 
time, affected the adhesion (5). It is necessary to enhance 
the adhesion further before this composite fiber can be used 
commercially.
The objectives of this research were: 1) to determine an 
effective coupling agent and application conditions for 
optimal interfacial adhesion in the rayon/nylon sheath/core
bicomponent fibers, and 2) to characterize interfacial 
adhesion between the core fiber and the rayon skin.
CHAPTER 2 
REVIEW OF LITERATURE
Literature related to this study is reviewed under the 
following categories: fiber spinning, rayon, nylon, fiber
finishing, modification of fiber properties, and adhesion 
testing.
Fiber Spinning
Fiber spinning is a process in which liquid polymer is 
continuously extruded through a spinneret to form an 
extrudate. This process can be divided into three steps (6, 
7):
1. The polymeric fluid flows into and through the 
spinneret under high stress and shear.
2. The fluid exits from the spinneret with relief of 
stress and an increase in cross section.
3. The fluid jet is then elongated when it is subjected 
to tensile force as it solidifies and develops orientation of 
the molecular structure within the fiber.
There are three basic methods used to spin a fiber: melt 
spinning, dry spinning and wet spinning (8-10). In melt 
spinning the fiber-forming polymer is melted and then forced 
through a spinneret and into a cooler environment, usually 
conditioned air, to cause solidification and fiber formation. 
Nylon is a melt-spun fiber.
5In dry spinning the fiber-forming polymer is dissolved 
in a solvent and the fiber solution is extruded through a 
spinneret into hot gas to evaporate the solvent used to make 
the fiber solution, and to form and harden the filament 
fibers. Acetate fibers are dry-spun fibers.
In wet spinning the polymer to be used in making the 
fiber is dissolved and then is forced through a spinneret into 
a liquid coagulating bath. The bath liquid reacts with the 
fiber solution to cause regeneration of the polymer in fiber 
form. Viscose rayon is a wet-spun fiber.
Rayon
Rayon is made from cellulose obtained from wood pulp or 
from cotton linters. The molecular structure of cellulose is 
shown in Figure 1.
Viscose rayon fibers are produced by the viscose process, 
as shown in Figure 2 (11) . The starting material, cellulose 
pulp, is steeped in about 18% sodium hydroxide and then 
pressed to remove the excess alkali. The pressed material,
CHjOH H OH
I I I
H M
H OH CHjOH
Figure 1. Molecular Structure of Cellulose
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Figure 2. Rayon Production Process
Source: Smith, B.F., and I. Block. Textile in Perspective. 
N.Y.: Prentice-Hall Inc., 1982.
soda cellulose, is shredded to form fine crumbs. The crumbs 
are then aged in the presence of oxygen or air during which 
some degradation and breaking of cellulose chains occurs. 
After ageing, the sodium cellulose crumbs are reacted with 
carbon disulfide (CS2) to form sodium cellulose xanthate, 
which is then dissolved in dilute sodium hydroxide, forming 
the ••viscose”. The viscose is filtered and ripened for about 
4 days at controlled temperatures (about 19 C) until a proper 
viscosity is reached (6,10-13). Before fiber spinning, any 
air bubbles in the viscose solution are removed by vacuum to 
minimize any defects in the filament, which could cause 
breakage (11,13). The air free viscose is then forced through 
the spinneret into an acid bath which regenerates the
cellulose forming the rayon fiber in a wet spinning process.
The acid bath is composed of sulfuric acid, sodium 
sulfate, water and additives such as glucose and zinc sulfate. 
The sodium sulfate precipitates the xanthate and the acid 
converts it to cellulose. The glucose and zinc sulfate affect 
the rate of cellulose regeneration, influencing fiber
properties such as strength and cross sectional shape.
Figure 3 illustrates the conventional equipment which is 
used for producing viscose fiber (10). The continuous process 
for fiber production is described below:
The air free viscose solution with a viscosity of 7 Pa.s
(13) is pumped through a spinning bath 2 in the direction
8(•■A '■
HI
Figure 3. Apparatus for Production of Viscose Fiber 
Source: U.S. Patent 4,045,532
indicated by arrow A from the spinneret 1, in which the fibers 
3 are spun. The temperature of the spinning bath is below 60
C. The fibers are then passed around a pair of rollers 4. 
The speed of the second roller is higher than the first one 
to impart stretch to the fibers. Also one of the rollers is 
partially submerged in a weak acid solution bath 5 at a 
temperature about 28 C, which is 18 C below the boiling point 
of CS2. The weak acid bath is for completing the regeneration 
of the cellulose and cooling the fibers. The cooled fibers 
are then passed around the pair of rollers 6, one of which is 
partially submerged in a 28 C water bath 7, in which the acid 
is removed from the fibers. The water washed fibers are then 
fed into a fiber finishing apparatus 8 with temperature also 
below the boiling point of CS2. Carbon disulfide is formed in 
the fibers during their formation and remains in the fibers 
in the form of an emulsion due to its slight solubility.
The finish treated fibers are then fed into chamber 9 
with rollers 10 for drying. The fibers are dried on these 
rollers heated by steam to a surface temperature of 100 C. 
Carbon disulfide is removed from the fibers along with water 
during the drying. The dried fibers are then fed into a 
winder 12 to wind into packages. The resulting air-vapor 
mixture is removed for recovery by means of the exhaust blower 
11.
Rayon fibers have a high moisture regain (12% to 13%), 
which prevents static buildup and provides comfort. The high
1 0
absorbency of rayon depends on the inner structure of the 
regenerated cellulose which is highly amorphous and easily 
penetrated by water. It is also because rayon contains many 
hydroxyl groups which form hydrogen bonds with water 
molecules. This property can provide good dye affinity, 
ability to absorb perspiration so garments are comfortable and 
not clammy to wear, and reduction of static when blended with 
synthetic fibers. Rayon fabrics have low pilling propensity 
and good hand. However, they are low in strength, especially 
when wet, and have low abrasion resistance.
High wet modulus rayon fibers are higher in strength than 
regular rayon due to the longer molecular chains and a more 
oriented and more crystalline structure. The production 
processes for high wet modulus viscose rayon are designed to 
lessen the breakdown of the cellulose structure, such as no 
aging, compared to that occurring in regular rayon. During 
the spinning step, regeneration is retarded to allow 
stretching of the fibers to increase molecular orientation. 
However rayon is still one of the weaker fibers.
Nylon
Nylon is the generic term in the U.S. for polyamide 
fibers. They are characterized by the amide group (-CONH-) 
as part of the main polymer chain. The most commonly used 
nylon fibers are nylon 6 and nylon 66. Nylon 66 is 
synthesized from two basic chemicals, adipic acid and
1 1
hexamethylene diamine. Each 6 in the name indicates the 
number of carbon atoms in each of the two chemical compounds 
from which this polymer is made. The reaction for synthesis 
of nylon 66 is shown in Figure 4 (14):
?  if
HO— c— c h 2— c h 2— c h 2- c h 2— c — o h  +
Adipic acid
H2N— CH2— CH2— CH2— CHj— CH2— CH:— NH2 ►
Hexamethylenediamine
o  o
I I
H 2N — (CH2)*-NH-C-CH2-CH2-CH2-CH2-C-NH~ + h2o
Nylon 6 6
Figure 4. Reaction for Synthesis of Nylon 66
The alternate structure of nylon 66 is illustrated in 
Figure 5.
H
- A — c6h,2— nh2
n
Figure 5. Molecular Structure of Nylon 66
There are three basic steps in the production of nylon 
fibers:
1. Polymerization: The chemicals are reacted with an acid 
catalyst at elevated temperatures to form long-chain molecules 
or polymers. Nylon is made by a reversible condensation
HO if if f if f— C— C4H«— C- -N— Ct H i2— N— C— C4 H»— C
12
polymerization process driven to the desired extent by 
controlled removal of water, the by-product of this reaction. 
The molten nylon polymer is extruded as a solid sheet or as 
rods and then cut into chips or pellets.
2. Spinning: The chips or pellets are melted and then 
extruded through a spinneret as filaments. Cold air is blown 
across the filaments to harden them and then the filaments are 
passed through a steam chamber to allow the fiber to absorb 
some moisture, so that it will not change when it contacts 
moisture again.
3. Cold drawing: The filaments are stretched to orient 
the molecules and thereby increase both strength and luster.
Nylon fibers have several excellent properties, such as 
high strength, high elasticity, and good abrasion resistance. 
Nylon's strength and elasticity are due to the strong hydrogen 
bonds between the molecular chains provided by the amide links 
(11,15-17). Nylon has good tensile properties but is high in 
pilling because the fibers do not break to allow the pills to 
come off during wear and laundering. Nylon is low in water 
absorbency which causes the fiber to resist some dyes, and 
also contributes to discomfort of the fabric during wear and 
the development of static electricity by friction. However 
nylon fabrics dry quickly with little wrinkling after washing, 
making them easy care.
13
Fiber Finishing 
Because manufactured fibers do not have wax on their 
surfaces like natural fibers they must be treated with special 
finishes so that they can be converted to either yarns or 
fabrics. The spin finishes make this conversion proceed 
smoothly and efficiently by reducing the friction and static 
electrical charges between the filaments and the processing 
equipment (14).
There is a wide variety of products that can be chosen 
as spin finishes. In general, spin finishes consist of a 
lubricant, a fiber-to-fiber friction aid, an antistatic agent, 
and an emulsifier (14,19). Chemicals which are used in each 
category are listed in Table 1 (14).
Table 1. Spin Finish Components
C om ponent P roduc ts C om m only  Used
Lubricant M ineral o ils an d  waxes; fa tty  acid  esters; d icarboxylic 
acid  esters; vegetable oils and  waxes; neoalcohol esters; 
polyoxyalkylene derivatives; silicone and  m odified sili­
cone fluids
F iber-to-fiber friction aids M ineral oils; linear esters; b ranched esters; polyalkyl- 
cne glycols; polyoxyalkylene m onoethers
A ntistatic agents
A nionics Alkyl alcohol sulfates; alkyl alcohol phosphates; alkyl 
alcohol ethoxylates (sulfate and  phosphate)
N onionics A lcohol e thoxylates; alkyl phenol ethoxylates: alkyl 
am ine ethoxylates; polyoxyalkylene glycol derivatives
C ationics Im idazoline quaternaries; alkyl quaternaries
Emulsifiers
A nionics A lkylbenzenc su lfonates; alkyl alcohol phosphates; 
alkyl alcohol sulfates; alkyl alcohol ethoxylate (sulfate 
and  phosphate); sulfosuccinates; fatty  acid soaps
N onionics Alkyl alcohol ethoxylates; alkyl phenol ethoxylates; 
fa tty  acid ethoxylate; so rb ito l-so rb ita n ;11 alkyl am ine 
ethoxylates; a lkanolam ides; a lkanolam ide ethoxylates
C ationics Q uaternary fatty amines; quaternary fatty amine ethoxy­
lates; quate rn ary  im idazolines
Source: Nettles, J.E. Handbook of Chemical Soecialties-
Textile Fiber Processing. Preparation, and Bleaching. 
New York: John Wiley & Sons, 1983.
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There are several criteria for selection of spin finishes 
(14) . One factor to consider is that any finish added at this 
stage of fiber processing must be removed before bleaching, 
printing, dyeing, or finishing. Incomplete removal of the 
spin finish will cause problems in dyeing and soiling spots 
in the final products (14,18). Therefore spin finishes should 
have good solubility and should be easily and completely 
removed from the fibers. It has been found that water is an 
appropriate solvent to remove spin finishes because they are 
generally water soluble and could be easily removed under mild 
washing conditions (5,18).
For polyamide fibers, a coning oil is usually applied 
(14). A typical coning oil formulation is listed below: 
White mineral oil (lubricant) 83.45%
Polyisobutylene (sling control) 0.45%
Silicone polymer (wetting agent) 0.10%
(Ethylene oxide)3 alcohol (emulsifier) 12.00%
(Ethylene oxide)65 alcohol (emulsifier) 3.20%
Water (clarifier) 0.80%
Modification of Fiber Properties 
No one fiber possesses the maximum level of all virtues 
and the minimum of all deficiencies. Synthetic fibers have 
high wrinkle resistance and strength but are low in water 
absorbency, resulting in discomfort during wear. Cellulosic 
fibers have excellent moisture absorbing characteristics
1 5
needed for comfort in textiles but are low in strength and 
abrasion resistance. Mixing different fibers or polymers can 
yield a yarn or a fiber which has the more desirable features 
of the constituent fibers and therefore modifies fiber 
properties (20).
1. Fiber Blends and Core Yarns
A blend is an intimate mixture of fibers of different 
composition, length, diameter, or color spun together into a 
yarn (6). It differs from bicomponent and bigeneric fibers in 
that the blending takes place after the fibers are spun. 
Fiber blending can give properties to fabrics different from 
those obtained with one fiber only and thus produce fabrics 
with better performance. Manufactured fibers are freguently 
blended with natural fibers for increasing strength and 
abrasion resistance (21,22).
The types of fibers and their compositions in the blend 
depend on the product requirement (23) . The properties of a 
blended yarn are a function of the properties of its 
constituent fibers and its structure. It was found that the 
moisture regain of a blend is a linear function of the blended 
composition (24) . However, strength is not linear. In 
general, the strengths of blended yarns are lower than the 
strengths of the component fibers, if there is a difference 
in the breaking extensions of the constituent fibers 
(21,25,26). Generally speaking, improvements of one property
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in product performance are accompanied by detrimental effects 
in some other properties. Blending of cotton fibers with 
polyester decreases the strength and breaking elongation of 
a yarn; however, it increases the comfort in wear and 
effectively controls the buildup of static charge (27,28). The 
attempt to optimize fabric properties by blending is a trade­
off of properties (27) .
Core yarns are structures usually with a filament core 
covered with a staple fiber (29-31), in contrast to the 
intimate staple blend yarns described above, in which the 
constituent fibers are distributed almost randomly in the yarn 
cross section (32) . Core yarns have been used to increase 
strength, durability, aesthetics, and functional properties 
of fabrics (31,33). Conventional ring spinning frames can 
produce the core yarns with only minor modifications (30).
The properties of cotton/polyester core yarns and fabrics 
derived from them have been documented (29-31). Core yarns 
have higher strength than blended yarns or 100% cotton staple 
yarns. Elongations of the intimate blend and core yarns are 
similar, while the core yarns are more uniform than the blends 
and 100% cotton yarns. The higher strength of the core yarn 
is attributed to the high tenacity polyester filament. At 
equivalent blend ratios, the filament makes a greater 
contribution to yarn strength than does polyester staple in 
an intimate blend. When core yarns break, the major reason
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is the breaking of the polyester filaments, however, fiber 
slippage is usually the reason for failure in blended yarns.
There are several advantages when core yarns were used 
in fabrics. Air permeability of core yarn fabrics is 
considerably reduced in comparison with the other fabrics, 
thus improving cover. Core yarn fabrics are similar to the 
all cotton fabrics in appearance and pilling resistance and 
do not exhibit the poorer pilling performance of intimate 
blends (29-31). However, there could be a significant cost 
increase for producing core yarns (26).
2. Bicomponent and Biaeneric Fibers
Extruding two polymers of different composition so that 
they combine when they coagulate or harden produces 
bicomponent or bigeneric fibers. There are three types of 
these fibers: side-by-side (S/S) type, sheath/core (S/C) type, 
and matrix/fibril (M/F) type (Figure 6).
In making S/S fibers, the different polymers are fed to 
the spinneret orifice and then they exit from the spinneret 
opening in a side by side configuration (Figure 6 A) . In 
S/C fibers, one component (the core) is completely surrounded 
by another component (the sheath) (Figure 6 B). One of the 
disadvantages of such fibers is that, if the skin is too thin, 
it may be abraded away, causing the fiber to lose its 
desirable surface properties (11). In the M/F process, one
sheath/coreside-by-side matrix/fibril
COMPONENT A COMPONENT A DROPLETS OF 
COMPONENT B IN 
COMPONENT A
COMPONENT BCOMPONENT B
:0.‘o
Figure 6. Types of Bicomponent or Bigeneric Fiber
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polymer is dispersed as a mechanical micromixture of fibrils 
embedded in a matrix of the other polymer (Figure 6 C) . 
Ordinarily the compounds in this type of fiber should have 
similar melting points, and be spun by the same method.
The polymers in bicomponent fibers are chemically 
different, physically different, or both (34) . Usually the 
two fiber polymers are generically similar, for example, two 
types of nylon, or two types of acrylic. The two variants 
have different properties, such as different shrinkage levels, 
different thermal behavior, or different shapes, which result 
in fiber crimping (9). It was found in the early 1950's that 
a bilateral structure in which one side is smooth and thick- 
skinned, but the other side is deeply indented and thin- 
skinned was responsible for the formation of crimp in viscose 
rayon (35). This was similar to the bilateral structure of 
wool which results in a three-dimensional crimp (36). As the 
outside and inside curvatures were discovered to react 
differently to dye, it was assumed that these areas were 
chemically different.
Most bicomponent fibers are made to provide crimp to the 
fiber, and as a result, the stretchability of the fiber is 
also increased. Cantrece II introduced by Du Pont is a S/S 
type bicomponent fiber which consists of two types of nylon 
and exhibits increased stretch. The two sides of the fiber 
react to heat differently. In production of the fiber, one 
side shrinks, causing the fiber to be in a curled state (16).
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Bigeneric fibers are composed of polymers from two 
different generic groups (9) . These two different generic 
polymers are combined together at or prior to the time of 
extrusion. Bigeneric fibers can utilize the advantages of 
each generic fiber and offer more opportunity for tailoring 
of fiber properties to specific end uses.
The first bigeneric fiber was Source, by Allied Chemical, 
in which 70% nylon and 30% polyester were mixed in a M/F 
structure. This fiber retained the tenacity, melting point, 
and dyeability of nylon, but the modulus was doubled by the 
addition of polyester (9,16,20). Recently Ultron nylon carpet 
yarn was introduced by Monsanto Textiles. The fibers in this 
yarn are eccentric S/C fibers in which the core is a M/F 
structure of nylon and carbon black. This fiber behaves 
essentially as nylon with the additional advantage of low 
static charge buildup provided by the carbon in the core (11) . 
As this and other work demonstrate, mixing fibers of different 
types can produce characteristics which a single type can not 
attain (20,37).
Recently, composite fibers have been manufactured by 
simultaneously extruding the fiber material and a second 
material in a sheath/core arrangement with subsequent removal 
of the second material (10), resulting in a fine denier or 
ultra fine denier fiber. The second material is dissolved 
away with a solvent, leaving a fiber with an undulating cross 
section. When the second material is extruded as a core, the
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fiber is hollow and the undulation is on the inside of the 
fiber (Figure 7 A); when the second material is extruded as 
a sheath, the fiber is solid with an undulating outer surface 
(Figure 7 B) (10).
A B
Figure 7. Cross Section of Filament 
Source: U.S. Patent 4,085,174
In one example, a polyamide-polyester sheath/core 
conjugate fiber was treated with an aqueous sodium hydroxide 
solution to dissolve the core polyester component, resulting 
in a hollow fiber (10). This hollow fiber has good affinity 
for acid dyes. The moisture sorption of the fiber is 10 times 
that of corresponding regular nylon fibers (10).
Another fiber which has been developed recently is an 
islands-in-a-sea type of multicomponent fiber with subsequent 
removal of a component (10). The staple fiber, whose island 
component is regular polyester and sea component is a 
copolymer of 72% styrene and 28% 2-ethylhexyl acrylate, was 
used as the filling in a woven fabric with regular polyester
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as the warp. The fabric was washed thoroughly with 
trichloroethylene to remove the sea component in the filling 
yarns. After dyeing and finishing treatment, the resulting 
fabric exhibited a soft and smooth hand (10).
3. Internally Reinforced Rayon Fibers
An experimental internally reinforced rayon textile fiber 
has been developed in the form of a sheath/core bigeneric 
fiber with a viscose rayon sheath and a nylon core (1). The 
mechanical properties of this fiber are dominated by the nylon 
core, while the sorptive properties are dominated by the rayon 
skin (2). The relationship between moisture regain and mass 
fraction of rayon coating is linear. When coating fractions 
are over 0.4, moisture regains are in the value range of neat 
rayon fibers. There was a positive linear relationship between 
tensile properties (tenacity, toughness, and elongation) and 
mass fraction of nylon core (2).
The production of this fiber is based on a wire coating 
process in which the nylon core fiber is passed through a die 
where it is coated with unoriented viscose rayon. The rayon 
skin is regenerated in a spinning bath containing 9 weight 
percent sulfuric acid and 13 weight percent sodium sulfate. 
A stable coating was obtained at and above a line speed of 17 
m/min and 10 kPa gauge feed pressure (2,5). The upper limit 
on line speeds depends on the needed residence time in the 
acid bath to coagulate and regenerate the viscose rayon (2,4) .
The synthetic core fiber has a very smooth surface before 
coating because it has been treated with a spin finish during 
the spinning process. As stated above, the purpose of the 
spin finish is to reduce the friction and static charge build­
up between the filaments and the processing equipment. In the 
coating process, this smooth surface also makes it difficult 
for the viscose rayon skin to adhere to the core fiber. It 
is necessary to remove the spin finish so that the coating 
material will have good contact with the core fibers to 
enhance the interfacial adhesion. Etching with acid (3) and 
corona discharge (38) improved adhesion; however the 
improvement was not sufficient. Previous research (5) found 
that water is an appropriate solvent to remove the spin 
finish. The interfacial adhesion in water pretreated fibers 
was better than in fibers which had not been water washed (5) .
Coupling agents have also been used to pretreat the water 
washed fibers in order to further improve the adhesion (5). 
A coupling agent may have two different functional groups: one 
which will bind with the core, and another which will bind 
with the skin. Therefore, it may act as a bridge to bond the 
two materials together, leading to stronger interfacial 
bonding (39).
In fiber-reinforced composite materials, coupling agents 
are used to enhance the fiber/matrix interfacial strength 
through both physical and chemical bonds. Fiber coating with 
coupling agents has been used to decrease the stress
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concentration and improve the load carrying capacities of
broken fibers embedded in the matrix, improving the tensile
strength of composites (40,41). However, the extent of
improvement is dependent on the compatibility of the coupling
agent with the matrix (40).
Many of the coupling agents used in these composite
applications are silanes. The silanols formed upon hydrolysis
of these compounds develop hydrogen bonds, and even covalent
bonds, with material surfaces which also have hydroxyl groups
(39). Rayon contains hydroxyl groups which could react with
these silane coupling agents. In previous work, two Dow
Corning proprietary coupling agents, Z-6032,
HC1. (CH30) 3Si (CHz) 3NH (CH2) 2NHCH2C6H4CH=CH2, for polypropylene,
and Ql-6106, CH2-CHCH2O (CH2) 3Si (OCH3) 3, for nylon were used to 
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pretreat the core fibers and the adhesion between the core 
fiber and the coating material was improved (5) . However 
these coupling agents react well with the core fiber but not 
with the cellulose. Energy dispersive x-ray analysis (EDAX) 
on silicon location for stripped skin and remaining core 
indicated that essentially all of the coupling agent was bound 
to the core.
For both types of core fibers a water wash before 
application of coupling agent resulted in better adhesion. 
For nylon composite fibers, the water pretreatment was as 
effective as the coupling agent in improving adhesion (5) . 
Therefore, it was necessary to find a more effective coupling
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agent to further promote the adhesion in nylon/rayon composite 
fibers.
Adhesion is critical in these composite fibers, however 
equally important are their bending properties. To 
characterize this, a Kawabata Pure Bending Tester has been 
used with an adapted method for measuring bending rigidity and 
hysteresis of the individual uncoated and coated fibers 
(42,43). As shown in Figure 8 twenty fibers attached in a 
parallel fashion to paper strips were mounted for testing by 
placing the paper strips in the chucks of the instrument. 
This mounting technique allowed the fibers to be aligned yet 
bear all the bending stress during testing.
The obtained bending curves for selected coated and 
uncoated fibers are shown in Figure 9. From the figures, it 
is clear that the bending rigidity and hysteresis of nylon 
are smaller than those of polypropylene. The bending rigidity 
was taken as the average slope of the section of the bending 
curve between 0.5 cm"1 and 1.5 cm"1 curvature as marked on the 
graphs. The bending hysteresis was calculated from the 
average difference between forward and backward curves at a 
curvature of 1 cm’1. Statistical analysis of the data
indicated that pretreatment and coating had no significant 
influence on the bending behavior of the fibers. The fiber 
will not become stiffer as a result of coating or as a result 
of pretreatment to promote adhesion. Also, the bending 
recovery of the core fiber is maintained.
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Adhesion Testing
The interface between a polymer matrix and its 
reinforcing fibers has a major influence on the mechanical 
properties of fiber-reinforced composites. Good adhesion is 
important for efficient load transfer and long term life. 
Several methods have been developed to test the interfacial 
adhesion between a polymer matrix and its reinforcing fibers 
(44-52).
One method is the single fiber pullout test (49). As
shown in Figure 10 A, two small diameter glass rods support
the resin used in the composite. After the resin is cured, 
the fiber is cut on one side of the seam, and a tensile load 
is then applied at the other end until pull-out occurs. 
Figure 10 B illustrates a modification of this test for 
thinner and more fragile fibers. An aluminum ring with resin 
deposited inside is used instead of the glass rods (49). In 
this modified method, the adhesion strength is determined by: 
Adhesion strength = F/wdl 
Where F is the force required for pull out,
d is the fiber diameter,
1 is the thickness of the resin.
There are certain limitations with the single fiber pull 
out test. First the scatter of the data is of some 
significance (49) . Another serious limitation inherent in 
pull-out tests is encountered when very fine fibers (5-50 /im) 
are used. If the required pull-out force is greater than the
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fiber breaking strength, the fiber breaks before pull-out 
occurs (51,52).
A B
Figure 10. Single Fiber Pullout Test
Source: Favre, J.P. and J. Perrin. "Carbon Fiber Adhesion to 
Organic Materials." Journal of Materials Science 7 
(1972): 1113-1118
Because of the problems associated with the pull-out 
method, a microbond technique was later developed (50-52). 
This method uses only a very small amount of resin for each 
test in the form of a droplet deposited on the fiber (Figure 
11) (51). One end of a fiber specimen is glued to a metal tab 
which is connected to a load cell. A microvise is mounted on 
the plates of a tensile tester to grip the droplet. The 
plates of the vise are first placed just above the droplet, 
and the slit is narrowed until the plates contact the fiber. 
The fiber specimen is pulled out of the microdroplets and the 
force is recorded. The higher the force, the better the
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adhesion. Two microdroplets are deposited on each fiber 
specimen about 5 mm apart. Thus, two pull-out results are 
obtained from one test (51,52).
Figure 11. Arrangement of Shear Debonding (top) and Enlarged 
Schematic of a Resin Droplet on a Fiber Under the 
Shearing Plates (bottom)
Source: Miller, B., P. Muri, and L. Rebenfeld. "A microbond 
Method for Determination of the shear Strength of a 
Fiber/Resin Interface." Composite Science and Technology 
28 (1987): 17-32
For the internally reinforced rayon fibers described 
above, a carrier fabric method was employed to test the 
adhesion or abrasion resistance (3,4,53). The fibers were
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woven into a plain weave fabric following the weave pattern. 
The stitched fabric was then subjected to abrasion according 
to ASTM Test Method D3884-80 (Rotary Platform) and AATCC 
Method 93-1984 (Accelerotor Method) (34,54).
An adaptation of the Accelerotor method of AATCC Method 
93-1984, Abrasion Resistance of Fabrics, was also used to 
measure the adhesion of the internally reinforced composite 
fibers (5). Five fiber skeins of 2 m length were placed in 
the Accelerotor for 3 minutes at 2000 rpm. However, the small 
skeins of fiber occasionally became entangled in the impeller 
of the Accelerotor, affecting the results.
CHAPTER 3
EXPERIMENTAL
Experimental internally reinforced rayon textile fibers 
have been produced with the core fiber dominating the 
mechanical properties and the rayon skin dominating the 
surface properties (1-5). Interfacial adhesion was promoted 
by the removal of the spin finish and coupling agent 
pretreatment of the core fiber (5). However the improvement 
was not sufficient and further investigation was necessary. 
The purposes of the current research were: 1) to determine 
the most effective coupling agent and the most appropriate 
application conditions for producing rayon/nylon sheath/core 
composite fibers with enhanced adhesion; and 2) to determine 
the interfacial adhesion properties of these composite fibers.
Following is a description of the materials and equipment 
used in this investigation, a presentation of the experimental 
design, a description of fiber pretreatment and coating 
procedures, a description of the methods for determination and 
analysis of fiber properties, and a description of 
determination of fabric bending behavior.
Materials and Equipment
The experimental materials and equipment used in this 
study are described below:
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A. Materials
1. Distilled water.
2. l,4-bis(3-aminopropyldimethylsilyl)-benzene 
(APDMSB), Petrarch coupling agent.
3. Toluene, Mallinckrodt.
4. Fuxnaric acid (FA), Mallinckrodt.
5. Ethyl alcohol, 200 proof, Quantum Chemical 
Corporation, USI Division.
6. High wet modulus viscose rayon, International Paper 
Company.
7. 0.101 mm diameter nylon 66 monofilament fiber, 
Shakespeare Monofilament Division of Anthony 
Industries.
8. 98% reagent ACS sulfuric acid, Fisher Scientific.
9. Anhydrous sodium sulfate, Fisher Scientific.
10. Dry nitrogen gas.
11. 100% polyester leno weave fabric, Testfabrics, Inc.
12. Spot-O-glue, Avery.
B. Equipment
1. 2 liter beaker.
2. 1*3/8" bar magnet.
3. Fisher Thermix stirring hot plate, Model 310T.
4. Perforated plastic cones with 3°51' angle and 170 mm 
length, Textube Corporation.
5. 4.73 liter stainless pan with mounted rings.
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6. Take-up mechanism with traverse.
7. 60 mm diameter, 170mm length cylindrical plastic 
cones, Textube Corporation.
8. Fiber coating dye, manufactured by the Ohio 
University Physics Shop.
9. 500 mL pyrex separatory funnel with stop cock and 1- 
hole stopper.
10. Omega PX931-Q25GV pressure transducer.
11. Omega DP-350 pressure meter.
12. Stainless steel tank with inside dimensions
0.508 m * 0.298 m * 0.203 m.
13. 2.524 m * 0.0762 m and 1.778 m * 0.0762 m 
Pyrex glass tubes.
14. Pumps, Masterflex.
15. Stainless steel chamber.
16. Brookfield viscometer.
17. Mettler balance.
18. Calibrase CS-10 wheels, Teledyne Taber.
19. Oven, THELCO, Model 28, GCA/Precision Scientific.
20. Razor blade.
21. Electron microscope sample stubs.
22. Edwards S150 Sputter Coater.
23. Cambridge S-260 Scanning Electron Microscope.
24. Kawabata Pure Bending Tester
25. Perkin-Elmer, 1760X, Fourier transform infrared 
spectrophotometer (FTIR)
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26. Digital Levelmeter, Heath Zenith
27. Friction angle device, manufactured by LSU Chemical 
Engineering shop
28. Fiber pull adhesion tester, manufactured by LSU 
Chemical Engineering shop
Experimental Design
As discussed earlier, previous research concluded that 
removal of core fiber spin finish by water washing, type of 
coupling agent, as well as pretreatment time and 
concentration, coating feed pressure, and coating line speed 
influenced the coating quality (2,5). However no definitive 
conclusions concerning which coupling agent, application 
conditions, and coating line speed were best for interfacial 
adhesion could be drawn. There may be other factors that also 
affect the interfacial adhesion, such as residence time of the 
coated fiber in the acid bath, temperature for drying the 
coated fibers, and viscose viscosity. Therefore this study 
concentrated on the following variable parameters:
1. Coupling agent,
2. Coupling agent pretreatment time,
3. Coupling agent concentration,
4. Residence time of coated fiber in the acid bath,
5. In-line water wash (The coated fiber was washed in 
line after the acid bath) or post water wash (The coated fiber
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was not washed in line but was washed following completion of 
coating),
6. Temperature for drying coated fibers.
Previous research (5) established that a one hour water 
wash was optimum for removing the spin finish from the core 
fibers. It also established that feed pressure affected the 
thickness of the coating (2, 4). Therefore in this study a 
one hour water wash was used and the feed gauge pressure was 
held constant at 10 kPa. In the course of this investigation, 
it was found that the viscosity of the viscose solution 
affects the evenness and adhesion of the coating. The 
viscosity of the viscose solution changes with time and 
temperature. To stabilize the viscosity and to have the same 
viscose viscosity for every run, the viscose solution was kept 
in a freezer at -18 C. Figure 12 shows the viscosity change 
of viscose with time at room temperature after the viscose is 
removed from the freezer. After 2 hours the viscose viscosity 
dropped below 5 Pa.s, the minimum viscosity required to coat 
effectively. Therefore the viscosity of the coating solution 
was kept above 5 Pa.s for all experimental runs.
Nylon 66 fiber was chosen as the core fiber. This 
selection was based on its mechanical properties, its current 
use as a textile fiber, its availability in monofilament form, 
and its functional groups for possible reaction with the 
cellulosic coating.
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The first objective was to find an effective coupling 
agent for promoting the adhesion in rayon/nylon composite 
fibers. The major criteria determined by the researcher for 
selection of a coupling agent were difunctionality of the 
reactive groups and steric hindrance of the remainder of the 
molecule. With the difunctionality, one functional group can 
react with the nylon core and the other group can react with 
the cellulose coating. Therefore, the coupling agent acts as 
a bridge to bond the core and the skin together. It was also 
important that there be sufficient steric hindrance to prevent 
both functional groups from bonding with only one surface. 
After one functional group bonds with one surface the other 
functional group is directed away from that surface due to 
steric hindrance.
A commercially produced coupling agent, l,4-bis(3- 
aminopropyldimethylsilyl)-benzene (APDMSB), and fumaric acid 
(FA) were chosen to pretreat the nylon 66 core fibers for 
enhancing adhesion between skin and core. The structures of 
APDMSB and FA are presented in Figure 13. APDMSB was 
available from Petrarch in research quantities only. Toluene 
is the solvent for APDMSB, while ethanol was used to dissolve 
FA since the solubility in water was very low (less than 
0.5%). APDMSB has amine functional groups at both ends and 
the aromatic ring provides the desired steric hindrance. It 
is an amine difunctional sterically hindered silicon based 
coupling agent. FA has carboxyl end functional groups and has
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the trans configuration of this difunctional acid as opposed 
to the cis configuration of maleic acid. The double bond 
between the second and the third carbon atoms inhibits 
rotation from the trans to the cis configuration, preventing 
reaction of these two functional groups to one surface only.
Me Me
H2N (CH2) 3S i 0-------’S i (CH2) 3NH2
Me He
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Figure 13. Structures of APDMSB and FA
An initial series of experiments to determine the 
effectiveness of these coupling agents is listed in Table 2. 
Two different coating line speeds, 21 m/min and 41 m/min, 
resulting in two different sulfuric acid bath residence time, 
7 seconds and 4 seconds, and high drying temperatures were 
used for each pretreatment condition. Previous research 
indicated that a speed of at least 17 m/min was needed to
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obtain a stable coating, therefore 21 m/min was chosen as the 
low line speed. However, the low line speed resulted in a low 
production rate, therefore, 41 m/min, which is the highest 
speed obtainable with the available take-up device, was chosen 
as the high line speed. An in-line water wash was applied and 
10 experimental runs were conducted. The residence time of 
the coated fiber in the acid bath is important. To lengthen 
the effective residence time, a post water wash was applied 
to runs 1-6, in which the coated fiber was not washed in line 
after the acid bath but was washed with water after holding 
for some time following completion of coating. Screening 
tests determined that if at least a fifteen minute holding 
period were used, lower and in some cases no weight loss would 
occur under the most severe adhesion test condition. So 15 
minutes was used as the holding time for each run.
Table 2. Pretreatment and Coating Conditions
Fiber Coupling Concentration Pretreatment Speed 
agent % time(sec) (m/min)
1 none 0 0 21
2 none 0 0 41
3 FA 0.5 30 21
4 FA 0.5 30 41
5 FA 1.0 30 21
6 FA 1.0 30 41
7 APDMSB 0.5 30 21
8 APDMSB 0.5 30 41
9 APDMSB 1.0 30 21
10 APDMSB 1.0 30 41
The second objective was to find the application 
conditions for maximum adhesion using the most effective 
coupling agent. The initial experiments indicated that FA 
was as effective as APDMSB. Considering that FA is cheaper, 
safer, and more readily available than APDMSB, the subsequent 
research concentrated on FA as a coupling agent and its 
application conditions to pretreat the core fiber. 
Furthermore APDMSB would be limited to hydrogen bonding to 
the cellulose layer, whereas FA could form ester bonds to 
cellulose. Both APDMSB and FA can form amide bonds to the 
nylon. Hydrogen bonding may be sufficient for dry adhesion, 
but inadequate for the wet state adhesion to which many 
textiles are subjected.
Curing has been demonstrated to be effective in enhancing 
adhesion in fiber-reinforced composite materials. To assess 
the possible effect of curing on the adhesion between the core 
fiber and the rayon skin, the effect of drying temperature on 
adhesion was determined prior to the investigation of the 
application conditions of FA. A series of experiments was 
subsequently done on the application conditions of FA which 
included the effect of drying temperature. Table 3 
illustrates the experimental design of 8 experimental runs to 
assess the curing effect. A high drying temperature (80-90 
C) and a low drying temperature (25 C) were applied. The 
pretreatment concentration was held constant (1.5%) while the 
pretreatment time was varied from 9 seconds to 36 seconds.
Since the initial experiments suggested that 1.0% 
concentration was better than 0.5%, indicating that higher 
concentrations were better than low concentrations, 1.5% was 
selected at this preliminary stage. Coating line speed was 
held constant (21 m/min).
Table 3. Experimental Design for Curing Effect
Fiber FA concentration 
(%)
Pretreatment 
time (sec)
Drying
temperature
1 1.5 9 high
2 1.5 9 low
3 1.5 18 high
4 1.5 18 low
5 1.5 27 high
6 1.5 27 low
7 1.5 36 high
8 1.5 36 low
Once the curing effect had been assessed, the research 
then concentrated on the application conditions of FA, such 
as FA concentrations and pretreatment times. Table 4 presents 
the experimental design for the application conditions of FA. 
With the available equipment, a nine second pretreatment time 
was the shortest time that could be obtained, while 36 seconds 
was the longest. Therefore the four pretreatment times chosen 
were 9, 18, 27, and 36 seconds. The highest possible 
concentration of FA in pure ethanol at room temperature is 
2.9%. However it took a very long time to make the 2.9% FA 
solution and the trial runs indicated that when the
concentration was 2.9%, the adhesion was very poor. Since it 
took a long time to make even a 2.0% FA concentration and a 
still longer time is needed to make a 2.5% concentration, a 
2 .5% concentration was considered to be inappropriate for this 
study. The trial runs also indicated that 0.5% was not as 
effective as 1.0%, suggesting that there may be an optimum 
range of concentrations. Therefore, for the experimental 
design concentrations were varied from 0.5% to 2.0%. An 
incomplete randomized factorial experiment was used to 
determine the effects of concentration, pretreatment time and 
the interaction (concentration*time) on the adhesion in 
rayon/nylon composite fibers. One half percent, 9 seconds and 
2%, 36 seconds pretreatment conditions were excluded since
low concentration (0.5%) at the shortest pretreatment time (9 
seconds) and high concentration (2.0%) at the longest 
pretreatment time (36 seconds) were not expected to promote 
adhesion according to trial run results. A low coating line 
speed, 21 m/min, and high drying temperature were used during 
the coating process, and the post-water wash technique was 
applied after the completion of coating according to the 
results obtained earlier1. The factorial experiment yielded 
a total of 14 experimental runs (4 were done previously, so 
the remaining experimental runs were 10) .
1. See Chapter 4
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Table 4. Experimental Design of Application Conditions for FA
Fiber Fumaric acid 
concentration 
(%)
Pretreatment
time
(second)
Coating
speed
(m/min)
Drying
temperature
1 0.5 18 21 high
2 0.5 27 21 high
3 0.5 36 21 high
4 1.0 9 21 high
5 1.0 18 21 high
6 1.0 27 21 high
7 1.0 36 21 high
8 1.5 9 21 high
9 1.5 18 21 high
10 1.5 27 21 high
11 1.5 36 21 high
12 2.0 9 21 high
13 2.0 18 21 high
14 2.0 27 21 high
Sample Production 
This section includes the procedures for production of 
the rayon/nylon composite textile fibers. The procedures for 
fiber pretreatment and fiber coating are briefly described. 
Details are given in Appendix A.
1. Fiber Pretreatment
In order to promote interfacial adhesion in the coated 
fibers, it is necessary to remove the spin finish of the core 
fiber and use a coupling agent to pretreat it. The procedures 
employed to remove the spin finish and pretreat the fiber are 
briefly described below.
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1.1. Removal of spin finish
Spin finishes are usually water soluble and should be 
easily removed as discussed earlier (5,11,18,19). Therefore 
distilled water was selected as the solvent to remove the spin 
finish. The fiber was kept in the distilled water for 1 hour, 
with the temperature held at 60 C as shown in Figure 14. 
After 1 hour, the cone was removed from the water and the 
fiber was rinsed with distilled water. The fiber was then 
allowed to dry completely at room temperature.
1.2. Coupling agent pretreatment
To further improve the adhesion between the core and the 
skin, it is necessary to use a coupling agent to pretreat the 
fiber after removal of the spin finish. As shown in Figure 
15, the water washed fiber was passed through a solution of 
coupling agent of selected concentration with the speed 
adjusted to obtain the desired retention time of the fiber in 
the coupling agent solution. After passing the fiber through 
the coupling agent solution for the desired time, the fiber 
was ready for coating.
2. Fiber Coating
The procedures for coating the pretreated fiber are 
presented below. As shown in Figure 16, the fiber was passed 
through the coating die where it was surrounded and coated by
Thermometer
Beaker
Water
O o
Fiber on Cone
Bar Magnet
Hot Plate
Temp. 0 n /0 ff stirrer
Figure 14. Spin Finish Removal by Water Wash
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Take- Up Unit Guide
Coupling Agent
Stainless Steel Pan Fiber on Cone
Stainless Steel Pan w/Rings
Fiber
Figure 15. Coupling Agent Pretreatment
Viscose
Drying Tube
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(Wash) J Acid Tube
Y
Dryer
Cone Holder
g [Acid 
Pump
Figure 16. Fiber Coating Process Schematic
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viscose rayon. The coated fiber then passed through a 
commercial strength rayon coagulation bath containing 9 weight 
percent sulfuric acid and 13 weight percent sodium sulfate, 
where the cellulose was regenerated from the viscose, forming 
a white solid rayon coating. Then the coated fiber was dried 
and wound on the take up device. After 15 minutes, the coated 
fiber was washed with water and allowed to dry completely at 
room temperature.
Sample Analysis and Testing 
Sample analysis and testing is subdivided into linear 
density, interfacial adhesion, scanning electron microscopy 
(SEM), Fourier transform infrared spectroscopy (FTIR), 
moisture regain, fabric bending properties, and statistical 
analysis. The procedures followed for measuring the linear 
density of the coated fibers, for determining the interfacial 
adhesion between the core fiber and the rayon skin, for 
observing the surface morphology of the coated fibers, for 
identifying chemical bonds, for testing the moisture regain 
of the coated fibers, for measuring bending properties of 
fabrics, and for data analysis are discussed in this section.
1. Linear Density
Coating increases fiber linear density. The thicker the 
coating, the higher the linear density. The direct weighing 
method of ASTM D1577-79, Standard Test Method for Linear
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Density of Textile Fibers, was used to determine the linear 
density of the coated fibers (34) . Using this method, 1 meter 
lengths of each coated fiber were cut and then left to 
condition for 72 hours in a room maintained at 21 C and 65% 
relative humidity. After 72 hours, the fibers were weighed 
on an analytical balance. To ensure the accuracy of 
measurement, 10 specimens for each coated fiber were tested. 
The final linear density was determined by the average of the 
measurement of the 10 specimens.
2. Interfacial Adhesion
After the fiber was coated, the following three methods 
were used for evaluation of adhesion. The procedures are 
discussed below.
2.1. Carrier Fabric Method
For the initial coating runs using APDMSB and FA, the 
adhesion of the rayon skin to the nylon core fiber was 
determined using a carrier fabric into which the coated fibers 
were stitched (3, 4, 53). This research used a 100% polyester 
leno weave carrier fabric (6.4 x 6.4 cm) into which a 2 m 
length of fiber was stitched, and the composite specimen was 
abraded in an Accelerotor for 2.0 minutes at 3000 rpm 
according to AATCC Test Method 93-1984 (54). The Accelerotor 
abrasion method had previously been applied to determine the 
weight loss of coating in which small skeins of fiber were
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used (5). However, small skeins of fiber could occasionally 
become entangled in the impeller of the Accelerotor. 
Stitching the fiber into the fabric made it more appropriate 
for testing in this instrument which was designed for fabrics 
(54) .
The initial intent was to determine the weight loss of 
the coated fiber after the Accelerotor testing. However, this 
was not completely successful since, besides abrading away the 
coating, six percent of the carrier fabric samples were torn 
apart in the Accelerotor. The data had little reliability. 
Consequently, visual determination of the number of fibers 
remaining coated after this severe abrasion test was employed 
to analyze the results. This method was only applied to test 
the effects of coupling agent.
2.2. Fiber Full Adhesion Test by Weight Loss
A fiber pull adhesion test was developed for this 
research. In this technique, two Calibrase CS-10 wheels 
(which are used to test abrasion resistance of fabrics in ASTM 
standard test method D3884-80 (34)) were adapted and mounted 
as shown in Figures 17 and 18. A weighed length of coated 
fiber was pulled through the nonrotating wheels at a speed of 
5.2 m/min. The space, which determines the compressive force 
levels, between the wheels is adjustable. During the tests, 
the wheels were compressed at different compressive force
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Take-up Unit
Fiber
A
Calibrase Wheels
Fiber
Fiber on Cone Take Up
Figure 17. Fiber Pull Adhesion Test 
(A) Side view (B) Overhead view
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Figure 18. Mounting of Calibrase Wheels
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levels and the fibers were pulled through the wheels, 
resulting in coating failure. The major principles considered 
to set the compressive levels were:
1) . Composite fibers can be pulled through the wheels 
without breakage at that level.
2) . The differences in interfacial adhesion of the 
composite fibers can be distinguished at that level. 
Therefore the wheels were compressed at the following 
positions:
1). At the impingement point,
2). 0.05 mm past the impingement point,
3). 0.10 mm past the impingement point,
4). 0.15 mm past the impingement point,
5). 0.20 mm past the impingement point,
6). 0.25 mm past the impingement point,
7). 0.45 mm past the impingement point,
8). 0.50 mm past the impingement point.
The tests indicated that the position of 0.25 mm past 
the impingement point was the most appropriate position to 
distinguish the differences in coating loss for different 
composite fibers without fiber breakage. Therefore this 
position was used to obtain the coating weight loss. At this 
position almost all the coating was abraded away for the 
coated fiber with in line water wash. Lesser amounts down to 
essentially no weight loss occurred for other conditions. The 
testing procedures are described below.
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One meter lengths of the coated fiber which were used 
for determination of linear density were prepared. The fibers 
were conditioned for 72 hours at 21 C and 65% relative 
humidity before testing. Conditioning the sample was to 
standardize the effect of temperature and humidity on 
textiles. Then the fiber lengths were weighed. Individual 
weighed fiber lengths were pulled through the wheels using 
the take-up unit at a speed of 5.2 m/min. The abraded fibers 
were reconditioned for 72 hours and then were reweighed.
The percent coating weight loss, WL, is given by:
WL=(W1-W2)/(Wl—W3)*100% 
where Wl is the weight of the coated fiber before testing,
W2 is the weight of the coated fiber after testing,
W3 is the measured weight of the uncoated fiber.
2.3. Determination of Interfacial Shear Strength
As discussed previously, two Calibrase CS-10 wheels were 
compressed together to test the interfacial adhesion of 
rayon/nylon composite fibers. During the test, the wheels 
were compressed at 8 different compressive force levels and 
the fibers were pulled through the wheels, resulting in 
coating failure. The following discussion describes the use 
of the adhesion test results to calculate the interfacial 
shear strength of the bond between the rayon and nylon. First 
the applied compressive force levels were calculated for each 
different separation level. From these values and the
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coefficient of friction determined as described below, the 
applied interfacial shear stress levels were calculated.
The relationship between the force and the point of 
contact deformation between two cylindrical objects, as 
derived by Blake (55), is given by:
YbE
P = __________    (i)
x[1.788x2 + 3.091 - 0. 637/(1+12X2) ]
Where Y= wheel deflection caused by the compressive load as
shown in Figure 19 = distance past the impingement
point/2
b= wheel length = 13 mm
x= ratio of mean radius to wheel thickness 
=((R+r)/2)/(R-r) = 1.4 
E= wheel modulus of elasticity = 11 MPa 
The durometer hardness of the CS-10 Calibrase wheel is 82, 
which corresponds to a modulus of elasticity of 11 MPa 
according to ASTM D1415-68 (56).
From equation (i),
P=0.0155*106*Y N (ii)
The applied interfacial shear stress r was determined 
using the following formula modified from reference 49.
PM
t = ________  (iii)
7rdf 1
Figure 19. Wheel Deflection
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Where /x = frictional coefficient between the wheel and the 
composite fiber 
df = fiber diameter = 0.102 mm 
1 = the embedment length
=2 (R2-(R-Y)2)1/2 as shown in Figure 19 (iv)
The frictional coefficient was determined by measuring 
the minimum angle at which the Calibrase CS-10 wheels would 
slide down an incline. The flat end surface of the wheels, 
which is constructed of the same material as the rolling 
surfaces, was placed in contact with fabric knitted from the 
fibers used in this study on a device constructed for these 
measurements. The angle was increased by changing the 
positions of a fine threaded bolt until the wheel slid. This 
angle, a, was measured using a digital levelmeter. This is 
illustrated in Figure 20. The coefficient of friction 
fj, = tan a .
Figure 20. Measurement of Coefficient of Friction
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Ten measurements were performed. The range of values 
was 28.5° to 33.0° giving an average a value = 30.9°, and 
therefore, /i=0. 60.
The composite fibers used in this study were also wrapped 
on the incline, and then the flat end surface of the wheel was 
placed in contact with the fibers. The angle was measured 
using the same method mentioned above. The average value of 
the angle was equal to 30.7° which was essentially the same 
as the value obtained by using the fabric (30.9°).
From equation (iii),
r = 1873 P/1 (Pa) (v)
A high interfacial stress value indicates good adhesion. The 
experimental results of shearing strength of bonds between 
nylon core fiber and rayon coating is discussed in Chapter 4.
3. Scanning Electron Microscope (SEM) Observation
The longitudinal surface and cross section of the coated 
unabraded and abraded fibers were observed using a scanning 
electron microscope. The purpose of SEM observation was to 
compare the surfaces of the coated fibers before and after 
the adhesion test in order to confirm the weight loss results. 
The experimental procedures included specimen preparation and 
observation by SEM.
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3.1. Specimen preparation
The operation of a scanning electron microscope requires 
that the column be under high vacuum because the electron beam 
would be scattered by gas atoms. Electrically non-conductive 
material must be coated with a conducting surface film (57). 
Textile fibers do not naturally conduct electricity. This 
will cause problems in the SEM, such as "charging" and "beam 
damage" (58). Coating specimens with a thin layer of a 
conductive material helps to overcome these problems. The 
following steps were employed for sample preparation:
The fibers were cut with a razor blade to 5-10 mm lengths 
to enable mounting on 13 mm diameter stubs. The fibers were 
then mounted on the stubs with Spot-O-glue and air dried.
After the specimens were mounted on the stubs and dried, 
an Edwards S150 Sputter Coater was used to coat the specimens. 
In the process of sputtering, an appropriate target coating 
material is bombarded by energetic particles. Gold was used 
as the coating material and it formed a conducting coating 
thickness of 200 A on the fibers.
3.2. Surface morphology observation by SEM
After the specimen was coated, it was examined using a 
Cambridge S-260 Scanning Electron Microscope. The operating 
procedures are briefly described below:
First, the column isolation valve was opened and the 
desired working voltage (15 kV) was selected. Then the
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specimen area was selected and focused. After that, a slow 
scan was chosen and held. Then the images were
photographically recorded.
The specimen in the microscope can be tilted and rotated 
so that every point on the upper surface can be brought under 
the electron beam and examined. By tilting the specimen, both 
fiber longitudinal and cross-sectional surface information was 
obtained in this experiment.
4. Chemistry Analysis bv Fourier Transform Infrared 
Spectroscopy (FTIR)
Infrared absorption has been widely used as a tool to 
detect and identify chemical groups. This investigation used 
a Perkin-Elmer 1760X FTIR to identify the chemical bonds 
formed between the nylon core fiber and FA, and, between rayon 
coating and FA. The procedures are briefly described below.
Potassium bromide (KBr) powder was mixed with chopped 
composite fiber, then pressed to form a pellet. The pellet 
was observed under the FTIR and the infrared spectra were 
obtained. The examined samples were 2.0% FA with 9 second 
pretreatment time coated fiber, the coated fiber without FA 
pretreatment, pure FA, pure nylon, pure rayon, nylon treated 
with FA, and rayon treated with FA. The wavenumbers scanned 
were from 700 to 4000 cm'1 and the resolution was 2 cm'1. The 
number of scans for each spectrum was 50.
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5. Moisture Regain
Moisture regain of the coated fibers is increased as the 
viscose rayon coating is more absorbent than the nylon core. 
The moisture regain of the coated fibers which exhibited best 
adhesion was determined according to ASTM D 2654-76 Standard 
Test Method for Moisture Content and Moisture Regain of 
Textiles, Procedure 2 (34).
One meter lengths of the coated fiber were cut and then 
left to condition for 72 hours at 21 C and 65% relative 
humidity. The fiber was then weighed. The same fiber was 
dried in an oven and reweighed with the drying and weighing 
repeated until the change in weight between two successive 
weighings was less than 0.1%. Five specimens for each good 
coated fiber were tested. The final moisture regain was 
determined by the average of the measurement of its 5 
specimens.
Moisture regain, % = (I-W)/W*100 
where:
I = weight of conditioned specimen,
W = weight of oven-dry specimen.
It should be noted that although the term moisture regain is 
proper, ASTM D 2654-76 specifies the wet fiber basis is 
determined prior to drying.
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6. Fabric Bending Properties
A fabric sample was knitted from coated fibers. The 
pretreatment conditions used were a FA concentration of 1.0% 
and a pretreatment time of 30 seconds. The coating conditions 
were a line speed of 41 m/min, the high drying temperature, 
and post water wash. A control fabric sample was knitted from 
uncoated fibers. Since a knitting machine was not locally 
available, the fabric was made at the Department of Textile 
Industries, University of Leeds in England. Although at the 
time of knitting the fabric was made from the best available 
coated fibers, better coated fibers were produced later. 
These improved fibers have not yet been converted to fabric.
The bending rigidity and hysteresis of the fabrics with 
coated and uncoated fibers were determined using the Kawabata 
Pure Bending Tester (43) . Twenty cm by twenty cm samples were 
cut. One edge of the sample was held by a fixed chuck (back 
chuck) , and the other was held by a moving chuck (front 
chuck), as shown in Figure 21. The entire sample was bent in 
an arc with the curvature changing continuously. The 
relationship between the bending moment and the curvature was 
recorded on an x-y recorder.
7. Statistical Analysis
Data were analyzed with the assistance of the SAS system. 
Effects of pretreatment concentration, pretreatment time, as 
well as the interaction between the concentration and the
time, on the interfacial adhesion were determined using the 
General Linear Models Procedure (GLM). Duncan's Multiple 
Range Test2 was used to determine significant differences 
among means, using a 95% confidence level.
2. see Appendix C
Front Chuck
Back Chuck
Wind Up of Excess
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Figure 21. Setting of Sample
CHAPTER 4
RESULTS AND DISCUSSION
The purposes of this research were the determination of 
the most effective coupling agent and application conditions 
for maximum adhesion, and the characterization of fiber 
properties, especially, the adhesion between the nylon core 
and the rayon skin. The effects of coupling agent, coupling 
agent pretreatment time and concentration, coating line speed, 
in line or post water wash, drying temperature, evaluation of 
fiber pull adhesion test method, and fabric bending rigidity 
and hysteresis, are presented in this chapter.
Effect of Coupling Agent
Amine and carboxyl functional coupling agents are 
recommended for both nylon and cellulosic materials. Two 
coupling agents, APDMSB and FA as described in the 
experimental section, were used in this investigation.
Hydrogen bonds can form between cellulose and polyamide 
molecules, between both APDMSB and FA and both cellulose and 
polyamide. These hydrogen bonds aid in attracting the APDMSB 
and FA from solution but are not sufficient to form good 
adhesion as noted by the need for an adhesion promoter for 
rayon to nylon. With the existence of an acid catalyst and 
elevated temperature, the carboxyl groups of FA can react with
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the amine end group of nylon forming a stable amide linkage 
similar to those formed during polymerization of nylon 66:
nylon FA amide
H ^ , 0 H  H OH
C— C = 0  C— C = 0
 N— H + HO— C— C ---->—N— C— C
I I H I I H + H20
H O  H O
Reaction of the carboxyl end groups of the nylon 66 and the
carboxyl groups of FA can also form anhydride linkages but
since this reaction is reversible at lower temperatures, these 
linkages are not as stable as are the amide bonds in wet and
humid environments. The reaction is shown below:
nylon FA anhydride
 >
— C— OH + HO— C—  <----- C— 0— c-+ H-,0
I I I I
0 0 0 0
Due to steric hindrance, the other carboxyl ends of FA 
can react with the hydroxyl groups of rayon forming stable 
ester bonds which are shown below:
rayon FA ester
CH20H + HO— C—  ----> — CH,— 0— C—  + H,0
» I
0 0
rayon FA ester
c\
H— C— OH + HO— C  ----> + H-,0
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FA could react with the cellulose surface prior to reacting 
with the nylon surface but steric hindrance would prevent both 
ends of the FA molecule from bonding with the cellulose 
surface only.
The FTIR analysis indicated formation of these bonds. 
The infrared spectra of a composite fiber pretreated with FA 
and one without FA (Figure 22) show when FA is cured that two 
minor bonds (3124.6 and 3319.3 cm'1) for hydrogen bonding (59) 
are lessened due to reaction with FA. Since the amount of FA 
was very small compared to rayon and nylon definitive 
information could not be obtained. To obtain more definitive 
information, samples of pure nylon, pure rayon, pure FA, nylon 
treated with FA, and rayon treated with FA were subsequently 
observed to compare the results. Figure 23 shows the spectra 
of pure FA, pure nylon, and nylon treated with FA. It is seen 
that the spectrum of nylon treated with FA has a band at 983 
cm'1, resulting from a slight shift of the band at 970.8 cm'1 
due to trans =CH wagging in FA. Since reaction occurred 
between nylon and FA this trans =CH wagging band in FA shifted 
from 970.8 cm'1 to 983 cm'1 (59). Figure 24 shows the spectra 
of pure FA, pure rayon, and rayon treated with FA. It is seen 
that the spectrum of rayon treated with FA has a band at 1718 
cm'1 which is the combination of C=0 unsaturated ester and 
free FA stretching vibration (59). Those results confirmed 
that reaction occurred between FA and nylon, and between FA 
and rayon.
om
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The amide functional groups of APDMSB can bond well to 
the carboxyl end groups of nylon. However, this compound can 
form only hydrogen bonds with the hydroxyl groups of 
cellulose. These hydrogen bonds are not converted to covalent 
bonds under the conditions of acid catalysis and elevated 
temperature as occurred with FA.
For the experiments presented previously in Table 2, a 
carrier fabric adhesion test method was used to determine the 
effects of APDMSB and FA on promoting the interfacial 
adhesion. ANOVA analysis given in Table C-l of Appendix C 
indicated that there was a significant difference between the 
use of coupling agents and the control without a coupling 
agent, but the APDMSB and FA were not significantly different. 
Both APDMSB and FA promoted the interfacial adhesion due to 
the formation of chemical bonds as discussed above. 
Considering the above results, as well as the relative cost 
and possible hazards of APDMSB, the subsequent research 
concentrated on FA as a coupling agent and its application 
conditions.
Effect of Acid Bath Residence Time
When the fiber coated with liquid viscose passes through 
the acid bath, the cellulose is regenerated from the viscose. 
Variation in line speed changes the residence time of the 
fiber in the acid bath since the acid bath is fixed in length 
and is in line with the coating process. Increasing the line
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speed decreases the residence time in the acid bath. 
Therefore, a low coating line speed, 21 m/min (7 second 
residence time), and a high coating line speed, 41 m/min (4 
second residence time) , were used to test the effect of 
residence time. Table 5 presents the results of the fiber 
pull adhesion test.
Table 5. Effect of Acid Bath Residence Time on Adhesion
Fiber Pretreatment condition Residence 
time (sec)
Weight 
loss(%)
Wash
1 FA 1.0%, 30 seconds 7 6.29 post
2 FA 1.0%, 30 seconds 4 11.46 post
It is seen from the values listed in Table 5 that a low 
line speed results in lower coating weight loss. The longer 
residence time permits a longer regeneration time for the 
viscose to react with the acid, and therefore, better 
adhesion.
Effect of Post Water Wash 
Washing the coated fiber with water in line after the 
acid bath, in effect, decreases the total regeneration time. 
The total regeneration time includes the residence time in 
the acid bath and any delay prior to washing. Since the 
residence time in the acid bath is important, a post water 
wash technique was used in which the coated fiber was not
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washed in the line after the acid bath but rinsed with water 
after holding for 15 minutes following completion of coating.
Qualitative observation by using fingernails to peel off 
the rayon coating indicated that the adhesion was much better 
by using the post water wash technique, thereby permitting a 
longer regeneration time. The surface of the in line water 
washed fiber appeared powdery after several weeks while the 
post water washed fiber maintained a white solid smooth 
coating. Figures 25 and 26 are electron micrographs comparing 
the surfaces of the in line and the post water washed coated 
fibers. The flaky appearance of the in-line washed fiber is 
consistent with these fibers having lower adhesion than the 
post water washed fibers.
Apparently only hydrogen bonds are formed when the core 
fiber is pretreated with FA, since the FA pretreated fibers 
could not be stored for more than one day without losing their 
effectiveness as noted by loss of the white appearance of FA 
coating. When FA pretreated fibers passed through a 25 C 
viscose rayon solution and the 25 C acid bath, a cellulosic 
coating formed, but only hydrogen bonds formed between FA and 
cellulose. When the fibers were in-line washed and dried at 
room temperature, sulfuric acid was removed immediately. 
Under these conditions, the hydrogen bonds can not convert to 
covalent bonds since esterification and amidization require 
acid catalysis and elevated temperature. However if the wash
Figure 25. Longitudinal Surface of
In Line Water Washed Coated Fiber
Figure 26. Longitudinal Surface of
Post Water Washed Coated Fiber
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is delayed and during that delay the coated fibers still 
containing sulfuric acid are passed through a countercurrent 
flow heated drying tube with 80 to 90 C temperature range, the 
hydrogen bonds are apparently converted to covalent bonds. 
These post water washed coated fibers had good adhesion.
Effect of Drying Temperature 
Curing is important for the production of fiber- 
reinforced composites. To assess the curing effects on fiber 
coating, a high (80-90 C) and a low (25 C) drying temperature 
were applied to the series of experimental runs listed 
previously in Table 3. The results of the fiber pull adhesion 
test are shown in Table 6. The high drying temperature gave 
lower coating weight loss for each pretreatment condition. 
ANOVA showed that there is a significant difference between 
the high and low drying temperature. Results of the post hoc 
analysis using Duncan’s Multiple Range Test are presented in 
Table 7.
Table 6. Effect of Drying Temperature on Adhesion
Fiber Concentration Time Drying temperature Weight 
(%) (sec) loss(%)
1 1.5 9 high 9.34
2 1.5 9 low 12.22
3 1.5 18 high 0.81
4 1.5 18 low 7.44
5 1.5 27 high 8.04
6 1.5 27 low 15.12
7 1.5 36 high 13.19
8 1.5 36 low 19.72
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Table 7. Duncan's Multiple Range Test for Temperature
Temperature Mean weight loss Duncan grouping
low 13.635 A
high 7.847 B
* Means with same letter are not significantly different.
As discussed previously, only hydrogen bonds are formed 
before drying. Esterification and amidization need acid 
catalysis with high temperature. Therefore drying the fibers 
at room temperature was not sufficient to convert hydrogen 
bonds to covalent bonds even with acid catalysis. 
Consequently, low temperature dried fibers had poor adhesion.
Application Conditions of FA 
As indicated above, use of a coupling agent, low coating 
line speed, post water wash, and high drying temperature all 
contribute to improved interfacial adhesion. Based on these 
results, a series of experimental runs (which were presented 
in Table 4) on the application conditions of FA were performed 
by using a low coating speed, a post water wash, and a high 
drying temperature.
1. Effect of Concentration of FA solution
Nylon 66 fibers were washed with distilled water for 1 
hour to remove the spin finish and were pretreated with 0.5%,
1.0%, 1.5%, and 2.0% FA. The pretreated fibers were coated 
at 10 kPa gauge feed pressure and 21 m/min coating line speed. 
The coated fibers were then rinsed with water after they were 
held for 15 minutes following the coating operation. The 
fiber pull adhesion test results which are given in Figures 
C-2 through C-5 of Appendix C indicated that overall higher 
concentrations are better than lower concentrations and that, 
regardless of pretreatment time, 0.5% concentration is too low 
to obtain strong interfacial adhesion. At 1.0% FA solution, 
interfacial adhesion increases as pretreatment time increases, 
while at 2.0% FA solution, the adhesion decreases as 
pretreatment time increases. For 1.5% concentration, 
interfacial adhesion increases as pretreatment time gets 
shorter but the shortest pretreatment time (9 seconds) is not 
sufficient for optimal adhesion. Post hoc analysis results 
for this are presented in Table C-2 of Appendix C.
2. Effect of FA Pretreatment Time
The effect of FA solution pretreatment time on the 
interfacial adhesion between the nylon core and the rayon skin 
is shown in Figures C-6 through C-9 of Appendix C. At shorter 
pretreatment times, a higher concentration is needed to obtain 
strong adhesion, while at longer pretreatment times, a lower 
concentration is better. Post hoc analysis results for this 
are presented in Table C-3 of Appendix C.
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3. Effects of Interaction and Overall Pre-treatment
ANOVA shows that the interaction, pretreatment 
concentration multiplied by pretreatment time, is significant. 
Figures 27-28 present the interaction effects. The lines are 
not parallel, but cross each other. Results of post hoc 
analysis are shown in Table 8.
Table 8. Duncan's Multiple Range Test
for Concentration/Time Interaction Effect
Concentration Time Mean weight Standard Duncan
(%) (sec) loss (%) deviation (%) grouping
1.0 9 28.707 2.908 A
0.5 18 25.344 1.914 B
0.5 27 21.626 2.668 c
0.5 36 20.400 1.829 c
1.5 36 13.194 1.912 D
1.0 18 12.491 2.120 D
1.5 9 9.344 1.040 E
1.0 27 8.275 1.773 E F
1.5 27 8.040 2.107 E F
2.0 27 7.716 1.993 E F
2.0 18 7.337 1.411 F
1.5 18 0.812 1.309 G
1.0 36 0.715 1.509 G
2.0 9 0.536 1.133 G
* Means with same letters are not significantly different.
It is seen from Table 8 that three combinations (1.0% FA 
concentration with 36 second pretreatment time, 1.5% FA 
concentration with 18 second pretreatment time, and 2.0% FA 
concentration with 9 second pretreatment time) gave the lowest 
mean coating weight loss3 and they are significantly different
3. The weight loss for these fibers was essentially zero; 
the non-zero values were due to measurement error.
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Figure 27. Effect of Concentration/Time Interaction with Concentration as X axis
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from the other pretreatment conditions. Therefore, there are 
several combinations to promote interfacial adhesion between 
the core fiber and the skin. Considering that FA is 
relatively inexpensive and that longer pretreatment times are 
inefficient, a high (i.e. 2%) concentration, combined with a 
short pretreatment time is recommended.
Pure ethanol was used to dissolve FA since the FA 
solubility in water is less than 0.5%. When a sufficiently 
high FA concentration was used to pretreat the fiber, hydrogen 
bonds to the nylon surface were formed. However, if the 
pretreatment time is too long at a given concentration, an 
anhydride formation reaction may occur that causes FA to lose 
its ability to bond to the rayon in the coating process. This 
reaction is shown below:
0 0 0 0
I I I I
.C— OH OH— C v  ,C----- 0----- c x
HC CH HC CH
I I I I +h20
jCH + HCV  > CH HC -
0 = C  C = 0  0 = C  XC===0
I I I  I
OH OH OH OH
! i  ! ! i---------- ;------------ 1  —  j....................... . ...
nylon nylon
Use of pure ethanol may encourage FA dimerization and water 
production, since pure ethanol has a strong thermodynamic 
potential toward the azeotropic composition which is 95.57% 
ethanol for ethanol/water. Therefore, it may be preferable
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to use an azeotropic composition to dissolve FA to minimize 
the dimerization.
4. Interfacial Shear Strength
As discussed earlier in Chapter 3, two Calibrase CS-10 
wheels were compressed at 8 different positions to test the 
interfacial adhesion of the composite fibers. Since discrete 
positions were used this is a discontinuous test. The fiber 
pull adhesion test indicated that at the position of 0.05 mm 
past the impingement point, no coating was abraded away for 
any of the post water washed composite fibers. When the 
wheels were moved to 0.10 mm past the impingement point, the 
coating of the composite fibers with pretreatment conditions, 
1.0% FA, 9 seconds; 0.5% FA, 18 seconds; 0.5% FA, 27 seconds; 
and 0.5% FA, 36 seconds did not survive the test. When the 
wheels were moved to 0.15 mm and 0.20 mm past the impingement 
point, the result was the same as at the position of 0.10 mm 
past the impingement point. At 0.25 mm past the impingement 
point, only the coating of the best coated fibers 
(pretreatment conditions, 1.0% FA, 3 6 seconds; 1.5% FA, 18 
seconds; 2.0% FA, 9 seconds) survived. The coating of the 
composite fibers with pretreatment conditions 1.0% FA, 18 
seconds; 1.0% FA, 27 seconds; 1.5% FA, 9 seconds; 1.5% FA, 27 
seconds; 1.5% FA, 36 seconds; 2.0% FA, 18 seconds; and 2.0% 
FA, 27 seconds did not completely survive. When the wheels 
were moved to 0.45 mm past the impingement point, the coating
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of the three sets of the best coated fibers still survived, 
but at the next position, 0.50 mm past the impingement point, 
the composite fibers could not be pulled through the wheels 
since the compression was too high, causing tensile failure 
of the fibers. So the position of 0.45 mm past the 
impingement point was the tightest position which could be set 
to test the interfacial adhesion of the composite fibers.
Table 9 shows the calculated values of the applied 
interfacial shear stress using Equation v. The details of the 
calculation are given in Appendix D. Eight positions for the 
wheels were used, but the fibers fall, as expected, into the 
groups listed. The interfacial shear strength of the bond of 
the poor adhesion fibers was at least 0.37 MPa, the fair 
adhesion fibers was at least 0.75 MPa, and the good adhesion 
fibers was at least 1.12 MPa. This is consistent with the 
weight loss measurements.
5. Longitudinal and Cross Sectional Surface
Electron microscopes are important instruments for the 
observation, analysis and explanation of phenomena occurring 
on a micrometer (/xm) or submicrometer scale. Textile fibers 
are usually a few micrometers to several hundred micrometers 
in diameter. Therefore, electron microscopy is ideal for 
examining the surface and structure of textile fibers.
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Table 9. Interfacial Shear Strength of The Composite Fiber
Pretreatment
Condition
Distance Past 
Impingement(mm) 
Survive Fail
Compressive Interfacial 
Force(N) Shear Strength(MPa) 
Survive Fail Survive Fail
All 0.5% FA 
treatment & 
1.0% 9 sec.
0.05 0.10 0.39 0.78 0.37 0.53
1.0% FA 
18 & 27 sec 
1.5% FA 
9,27,36 sec 
2.0% FA 
18 & 27 sec
0.20 0.25 1.55 1.94 0.75 0.83
1.0% FA 
36 sec 
1.5% FA 
18 sec 
2.0% FA 
9 sec
Fiber 
breakage 
0.45 0.50 mm
Fiber 
breakage 
3.49 prior to 
debonding
Fiber 
breakage 
1.12 prior to 
debonding
Scanning electron micrographs showing the cross-sectional 
morphology of unabraded coated fibers at each different 
pretreatment condition are illustrated in Figures 29-42. The 
nylon 66 core fibers are completely surrounded by the viscose 
rayon coating with some pretreatment conditions showing good 
adhesion while some show poor adhesion. For example, at 
pretreatment concentration 1.0% with 36 second pretreatment 
time, the coating adheres to the core (Figure 32), while with 
27, 18, 9 seconds, the coating is not totally adhered to the 
core and debonding is clearly observable (Figures 33-35), 
resulting in poor adhesion. It is also seen from these
Figure 29. Cross Section of Coated Unabraded Fiber
with 0.5% 36 Second FA Pretreatment
Figure 30. Cross Section of Coated Unabraded Fiber
with 0.5% 27 Second FA Pretreatment
Ficure 31. Cross Section of Coated Unabraded Fiber
with 0.5% 18 Second FA Pretreatment
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Figure 32. Cross Section of Coated Unabraded Fiber
with 1.0% 36 Second FA Pretreatment
Figure 33. Cross Section of Coated Unabraded Fiber
with 1.0% 27 Second FA Pretreatment
ytilnffgimliBlnrai™ o1VH^ WOT%nTn
Figure 34. Cross Section of Coated Unabraded Fiber
with 1.0% 18 Second FA Pretreatment
Figure 35. Cross Section of Coated Unabraded Fiber
with 1.0% 9 Second FA Pretreatment
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Figure 36. Cross Section of Coated Unabraded Fiber
with 1.5% 36 Second FA Pretreatment
Figure 37. Cross Section of Coated Unabraded Fiber
with 1.5% 27 Second FA Pretreatment
S'  10 P ' 0 0 0 0 6
Figure 38. Cross Section of Coated Unabraded Fiber
with 1.5% 18 Second FA Pretreatment
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Figure 39. Cross Section of Coated Unabraded Fiber 
with 1.5% 9 Second FA Pretreatment
Figure 40. Cross Section of Coated Unabraded Fiber
with 2.0% 27 Second FA Pretreatment
5?bn -15KU ■ WD ■ 23MM S - 13 P- 1 
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Figure 41. Cross Section of Coated Unabraded Fiber 
with 2.0% 18 Second FA Pretreatment
Figure 42. Cross Section of Coated Unabraded Fiber
with 2.0% 9 Second FA Pretreatment
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micrographs that the thickness of the coating around the core 
fiber is not quite symmetrical due to gravity since the fibers 
passed horizontally through the die in which they were coated 
by viscose.
Figures 43-56 present a longitudinal surface comparison 
of the coated fibers at each different pretreatment condition 
before and after the fiber pull adhesion test. These 
micrographs show that some pretreatment conditions permit good 
interfacial adhesion with no debonding and the coating 
remaining on the core after the adhesion test. Some give 
moderate adhesion with only localized debonding, while some 
give poor adhesion with general debonding and coating peeling 
off. For example, at a concentration 1.0% with a 36 second 
pretreatment time, all the coating remains on the core fiber 
after the fiber pull adhesion test (Figure 46), while with a 
27 second pretreatment time localized coating debonding starts 
to occur (Figure 47). With 18 second pretreatment debonding 
became more severe, resulting in general debonding (Figure 
48) , and finally with 9 seconds the coating is peeled off 
(Figure 49). It is apparent that the coating remains on the 
core fibers for the three coated fibers which have the lowest 
coating weight loss. These conditions are depicted in Figures 
46, 52, and 56. For those fibers which exhibit moderate
coating weight loss, an intermediate amount of coating has 
been abraded away (Figures 47, 51, 53-55), while for those
unabraded
lliasfo,
abraded
Figure 43. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 0.5% 36 Second FA Pretreatment
unabraded
255X 
?■ Pi I! M
abraded
Figure 44. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 0.5% 27 Second FA Pretreatment
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unabraded
abraded
Figure 45. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 0.5% 18 Second FA Pretreatment
unabraded
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Figure 46. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 1.0% 36 Second FA Pretreatment
unabraded
abraded
Figure 47. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 1.0% 27 Second FA Pretreatment
unabraded
abraded
Figure 48. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 1.0% 18 Second FA Pretreatment
1 0 0
unabraded
abraded
Figure 49. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 1.0% 9 Second FA Pretreatment
unabraded
abraded
Figure 50. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 1.5% 36 Second FA Pretreatment
unabraded
abraded
Figure 51. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 1.5% 27 Second FA Pretreatment
unabraded
abraded
Figure 52. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 1.5% 18 Second FA Pretreatment
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unabraded
abraded
Figure 53. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 1.5% 9 Second FA Pretreatment
unabraded
abraded
Figure 54. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 2.0% 27 Second FA Pretreatment
unabraded
abraded
Figure 55. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 2.0% 18 Second FA Pretreatment
unabraded
abraded
Figure 56. Longitudinal Surface Comparison of
Unabraded and Abraded Coated Fibers
with 2.0% 9 Second FA Pretreatment
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coated fibers which have higher coating weight loss, debonding 
is obvious and more coating has been abraded away (Figures 43- 
45, 48-50). These results confirm the weight loss results.
It is seen from these micrographs that the major failure 
mode is interfacial debonding for those post water washed 
coated fibers. This is in contrast to the friable surface of 
the in line water washed coated fiber (Figure 25), which is 
easily crumbled. This indicates that for post water washed 
fibers the cohesive strength of the skin is stronger than the 
adhesive strength between skin and core, resulting in adhesive 
failure. However, for in line water washed coated fibers, 
both cohesive and adhesive failure occurred.
Effects of Coating on Moisture Regain
Moisture regain was determined for coated fibers using 
the three sets of conditions which gave the best adhesion. 
Table 10 presents the results. Coating significantly enhanced 
the fiber moisture regain although the skin coating was very 
thin. The moisture regain of pure nylon fiber is 4-6%. The 
skin thickness is on the order of 1-2 n m , however the core 
fiber diameter is 100 //m, therefore the composite fiber is 
only about 5-10 weight percent rayon. It is also seen that 
the higher the linear density of the coated fiber (and 
therefore the thicker the skin), the higher the moisture 
regain.
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Table 10. Moisture Regain of Coated fibers
Linear density 
(Tex)
Pretreatment condition Moisture 
regain(%)
10.42 FA 1.0%, 36 seconds 8.63
10.97 FA 1.5%, 18 seconds 8.80
10.93 FA 2.0%, 9 seconds 8.77
Evaluation of Fiber Pull Adhesion Test Method
The fiber pull adhesion test method was developed for 
this study. It can effectively test the interfacial adhesion 
between the nylon core and the rayon skin and the interfacial 
shear stress can be calculated. The obtained results agree 
with the qualitative observations from the SEM analysis and 
the use of a fingernail to peel off the rayon skin coating. 
The low standard deviations (generally between 1-2% as 
presented in Table 8) of the percent weight loss values 
indicate that the precision of this test method is relatively 
high. However for the lowest weight loss, the standard 
deviation was higher than the mean. In this case, the few 
loss values were the smallest that could be measured. The 
actual weight loss value was essentially zero.
The major limitation of this test method was the 
occasional breakage of coated fibers. The surface of the CS- 
10 Calibrase wheel was not rough enough to abrade the coating 
at the just touching position so the wheels had to be pressed 
tightly together to achieve an abrading action. However, this
1 1 0
problem should be solved by using rougher surface wheels and 
repositioning of the wheels.
Bending Rigidity and Hysteresis of Fabrics
Fabrics were made from the coated fiber and the uncoated 
fiber as a control. As discussed earlier, the coated fiber 
used to make the fabric was the best available coated fiber 
at the time, but not the best available now. However, 
generally this coated fiber survived the knitting machine and 
most of the coating remained on the core fiber when converted 
to fabric as shown in Figure 57. The fabric made from the 
coated fibers obtained in the previous research (5) is shown 
in Figure 58. It is seen that the fibers coated in the 
previous research could not survive and most of the coating 
was lost. Even though the currently best coated fiber was not 
used and spin finish was not applied to reduce friction during 
processing, FA still improved the interfacial adhesion over 
the previous fibers.
Bending rigidity and hysteresis of fabrics made from 
coated and uncoated fibers were measured using the Kawabata 
Pure Bending Tester. The obtained bending curves are shown 
in Figures 59 and 60. The calculated bending rigidity and 
hysteresis from obtained bending curves are presented in Table
11. The bending rigidity was taken as the average slope of 
the section of the bending curve between 0.5 cm'1 and 1.5 
cm’1 curvature as marked on the graphs. The bending hysteresis
Ill
was obtained from the average difference between forward and 
backward curves at a curvature of l cm'1. It is seen from
Figures 59 and 60 and the values listed in Table 11 that there
is a slight difference in the appearance of the bending curves 
of the fabrics made from the coated fibers and the control. 
However since the knitted fabrics automatically curled after 
cutting it was difficult to set the fabrics smoothly, 
affecting this appearance. Most importantly there is no 
apparent difference between the calculated bending rigidity 
and hysteresis of the two fabric samples. Therefore coating 
had no significant effect on the bending rigidity and
hysteresis of the fabrics. This result is consistent with the 
conclusion that coating had no significant influence on the 
bending behavior of the composite fibers as discussed
previously (42). It further confirms the decoupling of the 
mechanical properties and the surface properties noted 
earlier.
Table 11. Bending Rigidity and Hysteresis 
Fabric Rigidity (gf.cm2/cm) Hysteresis (gf.cm/cm)
uncoated
coated
0.156
0.153
0.176
0.175
Figure 57. Fabric Made From Coated Fiber with 
1.0% FA and 30 second Pretreatment
Figure 58. Fabric Made From Coated Fiber with 
Coupling Agent Ql-6106 pretreatment
-3 - 2
cm
-o.i
Figure 59. Bending Curve of Fabric with Coated Fiber
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-3 - 2
cm
-o.i
- 0 . 2
I
Figure 60. Bending Curve of Fabric with Uncoated Fiber
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
The critical aspect of this internally reinforced rayon 
composite fiber was the adhesion between the core fiber and 
the rayon skin. It is apparent that the following factors 
enhanced the interfacial adhesion between a viscose rayon 
coating and nylon 66 core fiber.
1) Removal of spin finish,
2) Coupling agent pretreatment,
3) Longer residence time in the acid bath,
4) Post water wash instead of in line water wash,
5) High drying temperature.
An effective coupling agent for rayon/nylon sheath/core 
bicomponent fiber was fumaric acid (FA). This research
concluded that: There are interactions between the
pretreatment concentration and time. Low concentration with 
long pretreatment time and high concentration with short 
pretreatment time exhibit the best results.
Hydrogen bonds which formed between FA and both rayon and 
nylon were apparently converted to covalent bonds. The 80 to 
90 C curing, with sulfuric acid still present, enabled the 
formation of amide bonds between FA and nylon and ester bonds 
between FA and rayon. These bonds should be stable, thereby 
enhancing both dry and wet adhesion.
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The fiber pull adhesion test technique effectively 
determined the level of interfacial adhesion between the core 
and the skin, and the relationship to other studied variables. 
The influences of these variables on the coating weight loss 
and interfacial shear strength were determined. The fiber 
pull adhesion test and scanning electron microscopy indicated 
that the following three pretreatment conditions gave the best 
adhesion:
1) 1.0% FA concentration, 36 seconds pretreatment time,
2) 1.5% FA concentration, 18 seconds pretreatment time,
3) 2.0% FA concentration, 9 seconds pretreatment time.
At lower concentrations, a longer pretreatment time is needed 
for initial surface reaction to occur. If the pretreatment 
time is too long for a given concentration, dimerization of 
the FA may occur, with lose of the advantage of the steric 
hindrance. The coating weight loss of these composite fibers 
was essentially zero under the most severe available adhesion 
test condition. The interfacial shear strength of the bond 
between rayon and nylon was experimentally determined to be 
at least 1.12 MPa in those three cases. Coating had no 
significant influence on the bending rigidity and hysteresis 
of fabrics formed from these fibers. This is consistent with 
bending of the individual fibers.
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Recommendations
Interfacial adhesion was significantly promoted in this 
investigation. Since converting hydrogen bonds to covalent 
bonds requires acid catalysis and high temperature, heating 
the acid bath is recommended for the future. Under this 
condition, an in line water wash may again be used. However, 
to completely wash out the acid, a longer water wash time will 
be needed if the in line water wash is employed, because the 
in line water washed coated fibers obtained in this research 
became weaker after a period of time. Furthermore an 
azeotropic ethanol composition solution with water is 
suggested to be used to dissolve FA to decrease the 
possibility of dimerization to an anhydride and loss of steric 
hindrance. This should broaden the application conditions.
Further observation revealed that even coating in the 
longitudinal direction was obtained in this investigation by 
making the coating line speed constant and using the 
appropriate viscose. During this research, an uneven coating 
was obtained about half of the time. It is suspected that the 
type of viscose, as well as air in the viscose may cause this 
problem. The viscose surrounds the core fiber during the
coating. There will be no coating on the core fiber when the 
fiber contacts the air portion of the viscose if there is air 
in the viscose, resulting in an uneven coating. Eliminating 
the air before coating is recommended for future research.
A fiber pull adhesion test was developed to test the 
interfacial adhesion between the nylon 66 core fiber and 
viscose rayon coating, in which CS-10 Calibrase wheels were 
adapted to abrade the coated fiber. Since the surface of the 
wheel is not rough enough to abrade away the coating at the 
touching position, the space between the wheels was adjusted 
to 0.45 mm beyond touching during the adhesion test so that 
they were pressed tightly together. Sometimes the fibers were 
broken during the test since the wheels were apparently too 
tight. Rougher and more resilient wheels are recommended for 
future tests so that just at the touching position fibers 
could be tested. Also a more sensitive balance is recommended 
because the coating is very thin.
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APPENDICES
Appendix A. Sample Production Procedures
1. Removal of Spin Finish
The procedures for removal of spin finish included the 
following steps: First, a perforated cone was placed onto the 
take-up device and the uncoated core fiber from a large fiber 
spool was wound onto the perforated cone to facilitate better 
water wash. Then 2 liters of distilled water were transferred 
to a 2 liter beaker placed on a hot plate to heat the 
distilled water to 60 C (140 F) . The cone with the fiber was 
then put into the 60 C distilled water as shown in Figure 14 
and a weight was placed onto the cone to keep the fiber 
submerged in the water. To provide the agitation needed to 
remove the spin finish, a bar magnet was dropped down the 
center of the cone and the magnetic stirrer was turned on. 
The fiber was kept in the distilled water for 1 hour, with the 
temperature held at 60 C. After 1 hour, the cone was removed 
from the water and the fiber was rinsed with distilled water. 
The fiber was then allowed to dry completely at room 
temperature.
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2. Coupling Agent Pretreatment
The procedures to pretreat the fiber with the coupling 
agent are described below.
The water washed fiber was brought through the guide and 
then through the rings mounted in the stainless steel pan and 
finally to the take-up unit. The angle between the fiber and 
the pan on each end was such that the fiber did not touch the 
edge of the pan. Two liters of the selected concentration of 
coupling agent were transferred to the pan. The solution 
level was high enough so that the fiber in the pan was 
completely submerged. Then the pan was covered with notched 
cardboard to inhibit evaporation of the solution. The fiber 
was not permitted to touch the cardboard upon entering or 
leaving the pan. The speed of the take-up unit was set and 
the take-up unit was started so that a desired retention time 
of fiber in the coupling agent solution was obtained.
In order to obtain smooth even coatings, the guide on 
the take up unit should move very slowly along the length of 
the cone so that a constant coating line speed can be obtained 
later when the fiber is coated. Therefore, a separate motor 
was used for the guide.
3. Fiber Coating
The procedures for coating the pretreated fiber are 
described below:
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First, a nine weight percent sulfuric acid and thirteen 
weight percent sodium sulfate acid bath ( coagulation bath ) 
solution was mixed as follows:
sulfuric acid 1.135 L
sodium sulfate 3.000 kg
distilled water 18.000 L
The coating line was set up. First, the coating die was
assembled and the fiber was brought through the die. A cross- 
sectional view of the fiber coating die is given in Figure 
A-l. Threading of the assembled die was done with the aid of 
a very small diameter wire. Then the assembled die was
mounted to the end of the acid tube by placing it into the
clamp seal and tightening the seal. The fiber was then pulled 
through the die, through the acid tube and through the 
stainless steel chamber mounted at the exit end of the acid 
tube. The fiber was pulled through the drying tube and 
finally attached to a perforated cone on the take-up unit.
Approximately 120 mL of viscose were removed from the 
freezer and allowed to thaw. When the viscose was completely 
thawed, it was ready to be used. The thawed viscose was 
poured into the separatory funnel which was connected to the 
inlet port of the die, and then the nitrogen line was 
connected to the top of the separatory funnel. The nitrogen 
provided the pressure needed to force the viscose through the 
die onto the fiber.
Then the acid tube was filled with the acid solution with 
the aid of the pump. The acid level must not be higher than 
the opening on the die where the fiber exits as shown in 
Figure A-2. If the level rises higher, the acid will go into 
the die, react with the viscose, and clog the die opening, 
thus breaking the fiber. Before addition of the acid solution 
to the acid tube, the take-up device was started at a very low 
line speed to assure that the fiber could move in the system 
smoothly. Then the stopcock on the viscose reservoir and the 
nitrogen supply valve were opened and the feed pressure was 
increased to the selected value, pressurizing the reservoir 
and starting the flow of viscose to the die. The speed on the 
take-up unit was then set to a desired value and the air 
blower was turned on and the composite fibers were produced. 
After 15 minutes, the coated fiber was washed with water and 
allowed to dry completely at room temperature.
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Figure A-l. Cross-Sectional View of Coating Die
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Appendix B. Experimental Data
Table B-l. Linear density and coating weight loss data with 
coating condition: 21 m/min, high drying temperature, post 
water washing
Pretreatment condition 
FA concentration (%) 
Time (second)
Linear density 
(Tex)
unabraded abraded
Fiber pull 
weight loss 
(%)
0.5%
36 seconds
12.30 
12.20 
11.90 
12.20 
12.15 
12 .10 
12.20 
12.00 
12.20 
12.10
11.60
11.50
11.40
11.50 
11.60
11.50 
11.60
11.40 
11.60 
11.55
22.22
22.95 
18.18
22.95 
18.33 
20. 34
19.67 
21.05
19.67 
18.64
0.5%
27 seconds
11.10
11.10
11.00
11.20
11.00
11.20
11.30
11.50
11.15
11.00
10.70
10.70 
10.60 
10.80 
10.60
10.70
10.70 
11.00 
10.75 
10.65
20.51
20.51 
21.62
19.51 
21.62 
24.39 
27.90 
21.28 
20.00 
18.92
0.5%
18 seconds
12.20
12.20
11.80
12.10
12.20
11.90
12.05
12.05 
11.70 
12.10
11.50
11.40 
11.10
11.40
11.40 
11.20 
11.30 
11.20 
11.10
11.40
22.95
26.23 
26.42
23.73
26.23 
25.45 
25.86 
29.31 
23.53
23.73
continued
Pretreatment condition Linear density Fiber pull
FA concentration (%) (Tex) weight loss
Time (second) unabraded abraded (%)
1.0%
36 seconds
1.0%
27 seconds
1.0%
18 seconds
1.0%
9 seconds
10.30
10.40 
10.60
10.50
10.30
10.30
10.40
10.50
10.50
10.40
10.60
10.70 
10.55
10.45
10.50 
10.40
10.70
10.50
10.45 
10.60
12.30 
12.10 
12.40 
12.20 
12.00 
12.10 
12.25 
12.20 
12.10
12.30
11.10
11.10
11.05 
11.20 
11.10
11.05 
11.00 
11.20 
11.10 
11.10
10.30
10.40 
10.55 
10.45
10.30
10.30
10.40
10.50
10.50
10.40
10.50
10.60
10.40
10.35
10.35 
10.30 
10.60
10.40
10.35 
10.45
11.95
11.65
12.00
11.85
11.60
11.80
11.90 
11.70 
11.80
11.90
10.60
10.50
10.50
10.55 
10.60 
10.60 
10.40 
10.60
10.55
10.50
0.00
0.00
3.45
3.70
0.00
0.00
0.00
0.00
0.00
0.00
6.90
6.45 
10.71
7.69 
11.11
8.00
6.45 
7.41
7.69 
10.34
11.11
15.25
12.31
11.48
14.04
10.17 
11.29 
16.39
10.17 
12.70
25.64
30.77 
28.95 
31.71
25.64 
23.68 
32.43 
29.27 
28.21
30.77
continued
Pretreatment condition Linear density Fiber pull
FA concentration (%) (Tex) weight loss
Time (second) unabraded abraded (%)
1.5%
36 seconds
1.5%
27 seconds
1.5%
18 seconds
1.5%
9 seconds
10.75
10.90 
10.80 
10.80
10.90 
11.00 
10.80
10.90 
10.80
10.90
11.20
10.80
11.40
11.00
11.20
10.80
11.00
11.00
11.00
11.20
10.90 
11.20 
11.00 
11.00 
10.80 
11.00 
11.10 
10.80
10.90 
11.00
11.50
11.40
11.40 
11.15
11.50
11.30 
11.65
11.30
11.40
11.30
10.50
10.70 
10.55 
10.60
10.70
10.70 
10.60
10.70 
10.60 
10. 65
11.05 
10.70 
11.15 
10.80 
11.00 
10.65 
10.85
10.90
10.90
11.05
10.90
11.20
11.00
11.00
10.80
11.00
11.05
10.80
10.85
10.95
11.30
11.20
11.20
11.00
11.25
11.10
11.40
11.10
11.15
11.10
15.63
11.43 
15.15 
12.12
11.43 
16.22 
12.12
11.43 
12.12 
14.29
7.32 
6.06
11.11
10.81
9.76
9.09
8.11
5.41
5.41
7.32
0.00
0.00
0.00
0.00
0.00
0.00
2.56
0.00
2.86
2.70
8.51
8.89
8.89 
7.50
10.64
9.30 
10.00
9.30 
11.11
9.30
continued
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Pretreatment condition
FA concentration (%)
Time (second)
Linear density 
(Tex)
unabraded abraded
Fiber pull 
weight loss 
(%)
2.0%
27 seconds
10.80
11.00
11.05
11.10
11.00
11.00
10.95
10.85
10.90
10.90
10.70
10.90
10.90 
10.95 
10.80 
10.80 
10.80
10.75 
10.80
10.75
6.06
5.41
7.89
7.69
10.81
10.81
8.33
5.88
5.71
8.57
2.0%
18 seconds
10.70 
10.75 
10.80 
10.60 
10.85
10.70 
10.80
10.70 
10.65 
10.60
10.60
10.65
10.70
10.50
10.70 
10.60
10.65 
10.60
10.50
10.50
6.45 
6.25 
6.06
6.90 
8.82
6.45 
9.09
6.45 
10.00
6.90
2.0%
9 seconds
10.70
10.90 
11.05 
11.15 
11.00 
11.00 
10.55 
10.95
10.90 
11.10
10.70
10.90
11.05
11.10
11.00
11.00
10.55
10.95
10.85
11.10
0.00
0.00
0.00
2.50
0.00
0.00
0.00
0.00
2.86
0.00
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Table B-2. Linear density and coating weight loss data with 
coating condition: 21 m/min, low drying temperature, post
water washing
Pretreatment condition 
FA concentration (%) 
Time (second)
Linear density 
(Tex)
unabraded abraded
Fiber pull 
weight loss 
(%)
1.5% 10.70 10.40 19.35
36 second 10.70 10.40 19.35
10.80 10.50 18.18
10.90 10.60 17.14
10.90 10.50 22.86
10.90 10.60 17.14
11.00 10.60 21.62
11.00 10.60 21.62
10.95 10.60 19.44
11.10 10.70 20.51
1.5% 10.75 10.50 15.63
27 seconds 10.80 10.50 18.18
11.20 10.90 14.63
11.10 10.80 15.38
11.05 10.80 13.16
11.00 10.75 13.51
11.10 10.75 17.95
11.00 10.75 13.51
11.10 10.80 15.38
10.95 10.70 13.89
1.5% 10.90 10.75 8.57
18 seconds 11.00 10.80 10.81
10.60 10.50 6.90
10.80 10.70 6.06
10.90 10.80 5.71
11.00 10.85 8.11
11.00 10.85 8.11
10.90 10.80 5.71
10.95 10.80 8.33
10.80 10.70 6.06
1.5% 12.00 11.70 10.53
9 seconds 12.00 11.70 10.53
11.95 11.70 8.93
11.80 11.40 15.09
11.95 11.50 16.07
11.80 11.45 13.21
11.80 11.40 15. 09
11.85 11.50 12.96
11.95 11.65 10.71
11.90 11.65 9.09
1 3 5
Table B-3. Linear density and coating weight loss data with 
coating at line speeds 21 m/min and 41 m/min, high drying 
temperature, and post water wash
Pretreatment condition 
FA concentration (%) 
Time (second)
Linear density 
(Tex)
unabraded abraded
Fiber pull 
weight loss 
(%)
1.0% 10.65 10.55 6.67
3 0 seconds 10.90 10.80 5.71
21 m/min 10.90 10.80 5.71
10.50 10.40 7.41
10.80 10.70 6.06
10.50 10.40 7.41
10.40 10.35 4.00
10.70 10.60 6.45
10.50 10.40 7.41
10.80 10.70 6.06
1.0% 11.50 11.20 12.77
30 seconds 11.50 11.20 12.77
41 m/min 11.20 10.95 12.20
11.40 11.10 13.30
11.40 11.10 13.30
11.65 11.40 10.00
11.40 11.20 8.89
11.30 11.00 13.95
11.50 11.30 8.51
11.40 11.20 8.89
Table B-4. Linear density data of uncoated nylon 66 fiber
Linear density 9.10 9.10 
(Tex) 9.15 9.20
9.10 9.10 
9.20 9.20
9.15
9.20
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Table B-5. Moisture regain of coated fibers with coating 
condition 21 m/min, high drying temperature, post water wash
Pretreatment condition 
FA concentration (%) 
Time (second)
Moisture regain 
(%)
1.0% 8.85
36 seconds 9.52
8.33
7.98
8.51
1.5% 9.00
18 seconds 8.37
9.14
9.00
8.50
2.0% 9.00
9 seconds 8.54
8.50
9.00
8.82
Table B-6. Measured angle for frictional coefficient
Fabric (degree) Coated fiber (degree)
28.5 32.0
31.0 31.0
33.0 31.0
31.0 30.5
30.0 30.5
29.0 30.0
33.0 30.5
31.0 30.5
31.0 30.5
31.5 30.5
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Appendix C. Results and Statistical Analysis
ANOVA (Analysis of Variance) was used to analyze the 
experimental data. After doing ANOVA, and finding the 
treatments different, it was necessary to know which 
treatments were significantly different. Duncan's Multiple 
Range Test is one type of POST ANOVA technique to determine 
significant difference among means.
The pooled standard deviation, Sp, is used for 
calculation of residual error:
Sp= ((s, + s2  ■*‘ sn )/n)^
where: n = the number of treatment combinations
s.,2, s22, ..... , sn2 = the variance for each of
the n treatment combinations
The pooled variance (Sp2) is the same as the mean square error 
(MSE) from the ANOVA Table.
Duncan's Multiple Range Test (DMR) is very similar to the 
Least Significant Difference (LSD), except for use of a more
conservative value of t. LSD is a simple derivative of the
t-test. A t-test is significant when (60):
W ( Y 1 -  Y 2> / s yi-y2 (t=(Y-M0)/(S/n1/2))
s yi-y2 = ((l/n1+l/n2)Szp)V2 
LSD=ta/2 * SY1_Y2
Any difference greater than LSD is a significant difference. 
DMR=ta,/2 * SY
Where a' is more conservative than a.
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Table C-l. ANOVA for Percent of Coated Fibers
Source DF F Value Probability
Coupling agent 2 3.54 .038
Concentration 1 0.01 .932
Line speed 1 0.59 .448
Coupling agent * Concentration 1 1.65 .206
Coupling agent * Line speed 2 2.46 .099
Concentration * Line speed 1 6.17 .017
Coupling agent * Concentration 
* Line speed
1 7.05 .011
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FA CONCENTRATION 0.5%
50.00
40.00
30.00
20.00
10.00
0.00
Pretreatment time (Second)
Figure C-2. Coating Loss at FA Concentration 0.5%
Co
ati
ng
 
we
igh
t 
los
s 
(%
)
141
FA CONCENTRATION 1.0%
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Figure C-3. Coating Loss at FA Concentration 1.0%
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Figure C-4. Coating Loss at FA Concentration 1.5%
Co
ati
ng
 
we
igh
t 
los
s 
(%
)
143
FA CONCENTRATION 2.0%
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Pretreatment time (Second)
Figure C-5. Coating Loss at FA Concentration 2.0%
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PRETREATMENT TIME 9 SECONDS
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Figure C-6. Coating Loss at FA Pretreatment Time 9 Seconds
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PRETREATMENT TIME 18 SECONDS
50.00
40.00
30.00
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FA concentration (%)
Figure C-7. Coating Loss at FA Pretreatment Time 18 Seconds
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PRETREATMENT TIME 27 SECONDS
50.00
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FA concentration
Figure C-8. Coating Loss at FA Pretreatment Time 27 Seconds
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PRETREATMENT TIME 36 SECONDS
50.00
40.00
30.00 ■
20.00
10.00
0.00
0.5 1.0 1.5
F4 concentration (%)
Figure C-9. Coating Loss at FA Pretreatment Time 36 Seconds
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Table C-2. Duncan's Multiple Range Test for Concentration
Concentrat ion (%) Mean weight loss Duncan Grouping*
0.5 22.457 A
1.0 12.547 B
1.5 7.847 C
2.0 5.196 D
* Means with same letter are not significantly different
Table C-3. Duncan's Multiple Range Test for Time
Time Mean weight loss* Duncan Grouping**
9 12.862 A
18 11.496 B
36 11.436 B
27 11.414 B
* From the ANOVA Table, S 2 = MSE = 3.617, then S_ = 1.902.
r  r
or, Sp - ((s,2 + s22 + ......  + sn2)/n)1/2 = 1.902
** Means with the same letter are not significantly different
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Appendix D. Determination of Interfacial Shear Strength
The fiber pull adhesion test indicated that at the 
position of 0.05 mm past the impingement point, no coating 
was abraded away for any of the post water washed composite 
fibers. At this position:
Y = 0.025 mm
1 = 1.955 mm (from equation (iv))
So P = 0.39 N (from equation (ii))
t = 0.37 MPa (from equation (v))
Therefore all the fibers survived the interfacial shear stress 
level of 0.37 MPa.
When the wheels were moved to 0.10 mm past the 
impingement point the coating of the composite fibers with 
pretreatment conditions, 1.0% FA, 9 seconds; 0.5% FA, 18
seconds; 0.5% FA, 27 seconds; and 0.5% FA, 36 seconds did not
survive the test. At this position: Y = 0.05 mm
1 = 2 . 7 5 5  mm 
So P = 0.78 N
T = 0.53 MPa
Therefore, the interfacial shear strength of these four 
composite fibers was greater than 0.37 MPa, but less than 0.53 
MPa.
When the wheels were moved to 0.15 mm and 0.20 mm past 
the impingement point, the result was still same as at the
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position of 0.10 mm past the impingement point. At 0.20 mm 
past the impingement point:
Y = 0.10 mm 
1 = 3.894 mm 
So P = 1.55 N
r = 0.75 MPa
Therefore all the fibers except those four sets mentioned 
earlier survived the interfacial stress level of 0.75 MPa.
When at 0.25 mm past the impingement point only the 
coating of the best coated fibers (pretreatment conditions, 
1.0% FA, 36 seconds; 1.5% FA, 18 seconds; 2.0% FA, 9 seconds) 
survived. While the coating of the composite fibers with 
pretreatment conditions 1.0% FA, 18 seconds; 1.0% FA, 27 
seconds; 1.5% FA, 9 seconds; 1.5% FA, 27 seconds; 1.5% FA, 36 
seconds; 2.0% FA, 18 seconds; and 2.0% FA, 27 seconds did not 
completely survive.
At that position:
Y = 0.125 mm 
1 = 4.352 mm 
So P = 1.94 N
T = 0.83 MPa
Therefore, the interfacial shear strength of those 7 sets of 
composite fibers was greater than 0.75 MPa, but less than 0.83 
MPa.
When the wheels were moved to 0.45 mm past the 
impingement point, the coating of the three best coated fibers
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still survived, but at the next position, 0.50 mm past the 
impingement point, the composite fibers could not be pulled 
through the wheels since they were too tight, causing tensile 
failure of the entire composite fibers. Therefore the 
position of 0.45 mm past the impingement point was the 
tightest position which could be set to test the interfacial 
adhesion of the composite fibers. At this position,
Y = 0.225 mm 
1 = 5.83 mm 
So P = 3.49 N
T = 1.12 MPa
Therefore, the interfacial shear strength of those 3 sets of 
the best coated fibers was at least 1.12 MPa.
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